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Abstract 
In contrast with traditional approaches based either on the analysis of a small 
specific area or on idealistic networks, the proposed methodology determines optimal 
network design policies by evaluating alternative planning strategies on statistically similar 
networks. The position of consumers influences the amount of equipment used to serve 
them. Therefore, simple geometric models or randomly placed points used in previous 
researches are not adequate. Using an algorithm based on fractal theory, realistic consumer 
sets are generated in terms of their position, type and demand to allow statistical evaluation 
of the cost of different design policies. 
In order to systematically deal with the problem of determining justifiable network 
investments, the concept of economically adapted distribution network was investigated and 
applied in the context of a loss-inclusive design promoting efficient investment policies 
from an overall social perspective. 
The network’s components are optimized, after yearly load flow calculations, based 
on the minimum life-cycle cost methodology, balancing annuitised capital investments and 
maintenance costs against the cost of system operation. Evaluating the cost of each 
particular design over statistically similar networks allows statistically significant 
conclusions to be drawn. 
The main results include the optimal number of substations for typical urban and 
rural LV, HV and EHV distribution systems, network costs (investment, purchasing and 
maintenance) and losses as well as the sensitivity of optimal network design to future 
energy prices and cost of equipment. 
The impact of the increasing amount of microgeneration on networks has not been 
fully addressed to date. There have not been clustering problems in existing networks as a 
result of customers choosing to install microgenerators, either as a new device or as a 
replacement of a previous heating system. The operation of microgeneration connected to 
the distribution network can cause statutory voltage limits, recommended voltage unbalance 
levels and switchgear fault ratings to be exceeded. However, there are a range of 
distribution network designs and operating practices and thus the impact will vary 
accordingly.  
The operation of distribution networks is approached considering the existence of 
single or three-phase loads and microgeneration. This would however cause the network to 
be unbalanced and hence, traditional methods that consider a three-phase balanced system 
would provide misleading results. 
  
Every residential daily load’s behaviour shows rapid shifts from “load valleys” to 
high peaks due to the random and frequent “switch on/off” of appliances.  Modelling each 
load individually will reveal problematic operating conditions which were not considered 
when using a smooth load profile. Thus, each and every domestic load was represented by a 
different load profile and the impact on losses was evaluated. 
Relating losses, voltages, currents and load unbalance ratio leads to conclusions 
about the way how to optimise the network with DG. The aim was to investigate and 
develop methodology for evaluation of the long-term loss-inclusive optimal network design 
strategies and to determine the effect of the penetration of microgeneration, such as CHP 
and PV, in realistic distribution networks and optimal network planning. The need for 
reinforcement of network components will depend on the level of generation and on the 
extent to which reverse power flows occurs. In most parts of the network, microgeneration 
exports will not be sufficient to result in any need for network investment. However, if the 
network was to be planned accounting with DG, capital investment scenarios are presented 
and compared to existing networks trying to accommodate clusters of microgeneration.  
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1. CHAPTER 
 
 
 
 
INTRODUCTION 
1.  
1.1. Overview 
 
In the last twenty years the power system industry witnessed an important 
change in the conventional centralized paradigm of operation as a result of a large-
scale integration of DG either at the HV or at the LV distribution levels. Recently, 
this change became more perceptible mainly due to the connection of a large 
amount of generation sources at the HV level. In the years to come, such a scenario 
is likely to happen in LV grids through the interconnection of small modular 
generation sources forming a new type of power system.  
This new scenario of operation requires the development of applied research 
at several levels to profit from the capabilities that these generation devices offer. 
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Conventional design and operating practices are no longer applicable and have to be 
revised. New complex economic questions also need to be addressed. Integrating 
large amounts of different micro sources in distribution networks is a major 
challenge to tackle. 
This project will be focusing on the operation and development of power 
systems including micro sources. The studies will include economical, technical and 
design issues. Presently, design policies aim to ensure that the system serves the 
consumers and satisfy certain safety and quality standards. The most cost-effective 
network design policy for particular areas is not determined. There has been some 
speculation on this, and the uncertainty is reflected in the variation of design 
practices from region to region (E. Van Geert, 1997). Previous research into optimal 
network design has been carried out on one specific area or on idealised networks 
(Messager, P., et al., 1981). Numerous methods of optimising small sections of 
network for a given area have been developed.  
Another problem is to find the most suitable replacement strategy 
concerning the end of the useful life of the present distribution equipment. If the 
optimum design for particular type of area was known, a replacement strategy could 
be determined. 
The UK distribution network was significantly expanded during the late 
1950s and early 1960s and the assets installed then are now approaching the end of 
their useful life and require substitution. This opens up the opportunity to reconsider 
the fundamentals of distribution system design policies. DNOs are therefore 
currently ideally placed to play a significant role in developing an efficient future 
network. The amount expended in replacing time expired assets is however heavily 
dependent on commercial and regulatory considerations, since the distribution 
business’s investment strategy is defined by the regulatory framework imposed 
upon them. Within the present regulatory scenario the replacement policies for 
transformers and distribution circuits, both cable and overhead line, are primarily 
concerned with the investment while the cost of losses tend not to be given adequate 
consideration. It appears that the electricity industry is abandoning the traditional 
approach of selecting network designs through minimising life-cycle cost of 
operation of the network. An optimal network design could be defined minimising 
total costs, which consist not only of investment, but also of cost of losses and 
maintenance costs. An improved design approach should be based on the concept of 
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life-cycle costs of ownership, so that the cost of losses should also be included into 
the design. This would lead to an increase in use of more efficient equipment and 
reduction in the overall cost of the network in the long term. In addition such 
network would have an improved environmental performance. 
The UK practice to use four voltage levels networks when compared to a 
different three voltage level approach in several European countries raises 
discussion on what is the optimal way to operate distribution systems. Network 
operators have not performed studies for multi voltage level distribution networks 
on whether to operate the networks with three on four voltage levels. 
The government’s climate change commitments place greater emphasis on 
managing electrical losses and improving energy efficiency. While losses occur on 
the distribution networks, the financial costs of electrical losses are borne by 
suppliers and their customers. The environmental impact of losses is also borne by 
society as a whole. Nevertheless, neither suppliers nor consumers presently face 
significant incentives to invest resources into reducing electrical losses or improving 
energy efficiency, as the benefits from such efforts are largely smeared across all 
parties. It is important that those best placed to take actions face appropriate 
incentives to encourage those actions. Failure to do so may result in an 
inappropriate allocation of resources. 
The effect of the connection of micro sources to a small distribution network, 
such as a rural or urban network have not been fully addressed so far and will be 
studied on the context of this thesis. The consequent effects of the connection of 
many of these small networks to the main system (region or country level) and the 
optimal planning strategy considering presence of DG will also be a target of the 
research. 
 
 
1.2. System losses 
 
Part of the energy purchased by an utility from the national grid, or 
generated in the utility’s own power stations, is lost in various ways in distribution 
system. Electrical losses are an inevitable consequence of the transfer of energy 
across electricity distribution networks. On average, around 7% of electricity 
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transported across local distribution systems in Great Britain is reported as electrical 
losses. 
 
Table 1.1 – DNO losses performance (Ofgem, 2003) 
 
 
Table 1.1 above illustrates the variability in the performance of DNOs since 
privatisation. There are many inherent differences in the design and load 
characteristics of each DNO. 
In total 20TWh of electrical energy is lost during its transportation across 
local distribution networks. This imposes a substantial financial cost on society both 
in terms of the costs of producing the electricity that is lost and the costs of 
transporting these units over the transmission and distribution networks. 
Generally speaking, losses affect a utility’s economics in two ways. Firstly 
the increase the power and energy demands, and thus increase the overall cost of 
purchasing and/or producing the total power requirements of the utility. System 
losses also increase the load flows through individual systems components, which 
then lead to additional costs being incurred due to the extra losses associated with 
the increased load flows. Extra costs can also be incurred in having to increase some 
component ratings to cater for the additional current caused by these losses. 
The recorded losses can be broken down into three main categories: variable 
losses, fixed losses and non-technical losses. Variable losses, often referred to as 
copper losses, occur mainly in lines and cables, but also in the copper parts of 
transformers and vary in the amount of electricity that is transmitted through the 
equipment. Fixed losses, or iron losses, occur mainly in the transformer cores and 
do not vary according to current. Both variable and fixed losses are technical losses, 
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in the sense that they refer to units that are transformed to heat and noise during the 
transmission and therefore are physically lost. Non technical losses, on the other 
hand, comprise of units that are delivered and consumed, but for some reason are 
not recorded as sales. They are lost in the sense that they are not charged for by 
either the suppliers or the distribution businesses. 
Variable losses on a network are approximately proportional to the square of 
the current. This means that, for a given capacity, a 1% increase in load will 
increase losses by more than 1%. Therefore, greater utilisation of the network’s 
capacity has an adverse impact on losses. Consequently, there is a trade-off between 
the cost of financing surplus capacity and the cost of losses. An appropriate 
investment decision would reflect a minimum life-cycle cost of assets, including 
both the capital costs and the cost of losses. 
 
 
1.3. Distribution network design 
 
Since privatisation of electric industry, network owners and operators have 
been exposed to a spectrum of complex conflicting objectives: reduce capital 
expenditure, reduce operating costs, improve reliability and service quality and offer 
the service at lower prices. These pressures, accompanied by an uncertain future and 
strong short-term objective, have resulted in a trend to increase the life of the 
existing plants and to drive the assets ever harder. 
Each licensed distribution business owns and operates one or more 
distribution networks. These distribution networks comprise overhead lines, cables, 
transformers, switchgear and other equipment to facilitate the transfer of electricity 
to consumers’ premises from the transmission system and generators connected 
directly to the distribution network. Most consumers are supplied at low voltage 
(LV), which is defined as a voltage less than 1kV, with domestic customers 
typically supplied at 230V. Larger commercial and industrial customers are 
typically supplied at high voltage (HV), which is defined as a voltage of 1kV or 
greater, with the largest customers supplied at extra high voltage (EHV), which is 
defined as a voltage greater than 22kV (Ofgem, 2003). 
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While there are many similarities in the distribution networks operated by 
each distribution business, there are some important differences, including: 
• geographical size of the area where the network is located; 
• number of customers connected to the network; 
• quantity of electricity distributed; 
• degree of dispersion of customers across the network; 
• proportion of different types of customers connected to the network; 
• amount of underground cables compared to overhead lines. 
 
In addition, DNOs have historically adopted different design, operating and 
investment principles, which have led to very different network configurations. 
 
Table 1.2 – Characteristics of individual DNOs (Ofgem, 2003) 
 
 
 
1.4. Distributed generation 
 
The promotion of renewable energy sources is a high priority for the 
European Union, in view of the commitments made to reduce greenhouse gases 
under the Kyoto Protocol and for reasons of security and diversification of energy 
Chapter 1 – Introduction 
29 
 
supply. EU is committed to increase the percentage of renewable energy resources 
to 12% of final energy consumption and 21% of final electricity production by 2010. 
Hence, distributed generation is increasing not only in Europe but also worldwide. 
Distributed energy resources will play an increasingly vital role in enabling 
electricity providers to meet the electricity requirements of a digital society. 
Electricity consumers may achieve a lower cost of power and improved reliability 
along with additional security of supply. Energy service companies may install DG 
at customer sites and sell services such as reliability and heat (cogeneration) along 
with traditional electricity to create a new revenue stream. Finally, the society as a 
whole can benefit by having a less centralized power system that is more resistant to 
natural and man-made disasters. 
 Distributed generation has the potential to play an important role in a future 
sustainable energy system in the world. Properly applied distributed generation, 
installed on a significant scale, can have very positive effects on the environment, 
energy efficiency, security of supply and price of electricity paid by consumers. 
However there are still barriers, technical and non-technical, that are limiting the 
introduction and use of DG in Europe as well as in other parts of the world.  
The demand for electricity is expected to grow significantly over the next 
decade, but the liberalisation of the energy market has lead to a significant reduction 
in the installed overcapacity of base load power plants. In a growing number of 
regions the low voltage distribution network to the end users shows weakness. 
Some of these problems can be addressed by installing medium and small-scale 
power generation units, including renewable electricity generation plants, in 
strategic locations to stabilise the grid instead of installing new power lines. 
In the last few years, advances in technology have substantially reduced the 
cost of DG so that it can be seriously considered as a solution to growing power 
needs. The technical and regulatory systems must not be technologically 
deterministic and the technical and regulatory systems have to be designed, operated 
and regulated in a manner that allows innovation to come through. 
The use of DG covers a broad range of technologies and provides small-
scale power at sites close to the users. It also offers new market opportunities and 
enhanced industrial competitiveness.  
 Research on the integration of renewable energy sources into existing energy 
supplies and networks should therefore address the inevitable and dynamic 
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interactions between centralised and decentralised energy supplies and demands at 
the system level, which is typically more complex when advanced energy 
management systems are in use. 
Even though the UK Government has set up high targets for the growth in 
distributed generation capacity, it also wishes to minimise the economic impact on 
customers. Ofgem has implemented commercial frameworks through the so-called 
IFI (Innovation Funding Incentive) and RPZ (Registered Power Zones), in order to 
encourage innovation. The use of novel approaches is therefore being encouraged to 
develop cost-effective solutions for the network connection of distributed generators. 
 
 
1.5. Scope, objectives and research challenges  
 
During the course of this PhD, several research questions have been 
investigated and a solution was achieved. In order to fulfill the objectives of this 
project, those research challenges were answered with the methodology explained in 
this thesis. The following research questions have been approached: 
• What is the future design of rural and urban distribution networks (in terms 
of cable/overhead lines sizes, substation numbers, transformers capacity, 
number of voltage levels, nominal voltages)? 
• How does the consideration of losses drive long term network design? 
• What is the technical and economical impact of DG on existing networks? 
• How does DG impacts network planning and network optimal design? 
 
 The overall aim of the research project is to investigate alternative network 
design strategies, technical and economic aspects of integration of microgeneration 
in operation and development of power systems as well as optimal planning 
strategies. The creation of systematic techniques for modelling and evaluating of 
long-term optimal network replacement and design strategies and the investigation 
and development of alternative mechanisms for encouraging installation of 
minimum life-cycle cost plant was also a main objective of research. Undertaking 
this project to evaluate the optimal design policies and assess the impact of DG in 
distribution networks should contribute to: 
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Design of realistic distribution network 
This research investigates optimal network design policies. The objective is 
to develop a realistic model in order to mimic consumers’ behaviour on real urban 
and rural systems at multi voltage levels. Using attractiveness laws, consumer 
location, branching rate, load density, number of substations and feeder lengths of 
real systems, it is possible to statistically represent distribution networks and 
investigate alternative design strategies. 
 
Single and three-phase loads 
Distribution networks are mainly constituted by LV consumers. When 
assessing LV network it is important to consider consumers diversity and model the 
stochastic behaviour of domestic customers as well as different types of loads. 
When connecting single-phase loads to the system, unbalances are created which 
have impact on losses and voltages. Therefore, a complete three-phase load flow is 
required to correctly study distribution networks operation. 
The development of a load model representing various types of consumers, 
single and three phase consumers and generating individual profiles for domestic 
stochastic demand enables the creation of load diversity and unbalance scenarios. 
Also generation was modelled to represent various DG technologies and assess their 
different effects. 
 
Three-phase load flow 
After the positions of consumers are known and network layout is found, it 
will be necessary to quantify power flows through various circuits and voltages at 
various nodes. It is therefore necessary to perform three-phase load flow studies to 
accurately model the unbalances present in LV networks. The calculated power 
flows will then be used to compute line and transformer sizes based on the adopted 
life-cycle model. The results of power flow studies are necessary to test if the 
network satisfies other criteria such as voltage limits and value of short-circuit 
current. 
 
Optimisation of the network assets 
Systematic techniques were created for modelling and evaluating long-term 
optimal network replacement and design strategies and the investigation and 
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development of alternative mechanisms for encouraging installation of minimum 
life-cycle cost plant. An optimal network could be defined minimising total costs, 
which consist not only of investment, but also of cost of losses and maintenance 
costs. An improved design approach should be based on the concept of life-cycle 
costs of ownership, so that the cost of losses should also be included into the design. 
This would lead to an increase in use of more efficient equipment and reduction in 
the overall cost of the network in the long term. In addition such network would 
have an improved environmental performance. 
 
Multi voltage levels assessment 
The developed methodologies are applied in the attempt to define, develop 
and demonstrate design strategies that will ensure the most efficient, reliable and 
economic operation and management of distribution networks. LV, HV and EHV 
networks need to be analysed and their optimal design found. Also, the discussion 
on whether to operate the networks with three on four voltage levels needs to be 
reasoned for different network types. 
 
Impact of microgeneration on network operation and planning 
Due to the Government’s target to increase the amount of electricity 
supplied from renewable resources, it is expected that there will be a large increase 
in the penetration of generation into the distribution networks. An objective of the 
research is therefore to investigate the technical impacts of DG penetration and the 
costs of required network reinforcements. Furthermore, optimal design of future 
networks is found considering DG on the planning stages. 
 
 
1.6. Thesis structure 
 
Based on the objectives previously presented and on the approach proposed 
before, this thesis is made up of eight chapters. From chapter 2 to chapter 4 the main 
methodology tools are exposed and explained. On Chapters 5 to 7 these developed 
tools are used to achieve the results and tackle the research challenges proposed. 
The contents of the chapters are summarised below. 
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Chapter 2: Generic distribution network model. This chapter presents a geometric 
network model which is developed to analyse the cost structure of alternative design 
policies of single voltage level distribution networks. A model of realistic 
distribution network, which has been developed in order to investigate network 
design strategies, is explained in this chapter. The model is based on fractal science 
and can develop many sets of consumers, which can later be connected with 
networks whose branching rate is controllable. The capability to generate consumer 
positions and corresponding networks will allow a number of design strategies to be 
tested on a number of generated networks which all have statistically similar 
properties. Hence, statistically significant conclusions can then be drawn about 
distribution network design policy performance. The conclusions can be applicable 
to actual regions because the generated positions of consumers and networks are 
similar to those found in reality. However, the policy could be applicable to all areas 
with the same characteristics and not to only one particular area since it has been 
tested on many statistically similar networks. Also, the way that the same model 
could be used for simulations of networks with more voltage levels is explained. 
 
Chapter 3: Three-phase load flow. A three-phase power flow using symmetrical 
components is integrated into the developed software tool. The load flow 
calculation was performed for each half-hour over a one year period following 
typical daily load profiles of consumer types commonly found in cities and 
surrounding areas in the UK. Diversified and after-diversity daily load profiles are 
used as an input in the load flow program including several different types of 
consumers. By using these calculations both voltage and circuits flow profiles are 
determined. For a given rating of network circuits, losses can also be computed. 
Normally open points are located to minimise network losses. Given that the 
algorithm is design to create a weakly meshed network, this network is divided into 
a number of radial networks by opening sections of the network to minimise voltage 
drop and losses. The resulting network represents operation of typical LV 
distribution networks. 
 
Chapter 4: Demand modelling. Eight different types of consumers are modelled to 
better represent the consumers connected at LV level. Moreover, since domestic 
customers are predominant, their stochastic behaviour is represented using single-
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phase loads showing peaks that follow certain probability functions. The domestic 
load profile is represented with different time scales (5, 15, 30min and 1hour) and 
with correspondent load shifts. Therefore, diversity is created among consumers. 
Taking advantage of the three-phase load flow, single-phase loads are included and 
unbalances in the network are studied. 
 
Chapter 5: Network optimisation - Minimum life-cycle cost. This chapter first 
describes techniques for modelling life-cycle costs of cable and overhead lines at 
the component level through balancing annuitised capital cost and the annual cost of 
losses. An analytical solution of the optimal design is derived which is used to 
demonstrate that given the overall cost of distribution assets is relatively high, in 
contrast to the main assets themselves, it is efficient to use lines and cables with low 
value of utilisation. Consistent with the approach used for circuits, a new minimum 
life-cycle cost based method for evaluating the optimal design of distribution 
transformers is provided. The minimum life-cycle cost method used for choosing 
optimum equipment size is explained together with a description of nature of losses 
in the distribution system and their current treatment in the electricity industry. The 
data for different consumer load profiles and characteristics of available cables and 
transformers which are used in the network configuration employed for this 
problem are also given. The annual cost of losses in the conductors and the annual 
cost of transformer fixed and variable losses are calculated, as well as the annuitised 
cost of equipment, installation and maintenance. 
 
Chapter 6: Strategic planning of multi voltage level distribution networks. The 
modelling methodology captures the principal characteristics of the UK distribution 
networks in terms of circuit lengths, number and electrical characteristics of 
conductors at various voltage levels and number and electrical characteristics of 
typical transformers. The developed UK distribution network model is first used to 
assess the current amount of losses across various parts of the network. Based on 
the methodology provided in Chapter 5, the circuit sizes and distribution 
transformers characteristics of the average network are optimised, in order to 
estimate the optimal amount of losses in the network but also the optimal 
investment required depending on the number of substations used. Simulations are 
carried out on the various voltage levels to determine the optimum number of 
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substations for typical rural and urban distribution networks. Observations have also 
been made concerning the optimal choice of underground cables, overhead lines and 
transformer sizes. Direct transformation 132/11kV scenarios are analysed to 
calculate savings made in detriment of traditional four voltage levels design. 
Moreover, sensitivity studies were performed with respect to future trends of energy 
prices and assets capital costs. 
 
Chapter 7: Impact of distributed generation. The developed tool could be useful to 
investigate how increased penetration of small-scale generation affects not only the 
actual distribution network but also its optimal design when DG is considered. 
Microgenerators will affect voltages and losses in the network and in some cases, 
due to the reverse power flow from the consumers with installed microgenerators, it 
may trigger network reinforcement. The technical effects of microgenerators on the 
optimised LV network are analysed and the economical benefits of optimal network 
planning are calculated. 
 
Chapter 8: Conclusions and future work. This chapter summarises the main 
conclusions as well as achievements of the work undertaken in this research and 
suggests areas for future work. 
 
 
1.7. Key findings and contributions of the thesis 
 
In an attempt to answer the research challenges initially proposed, various 
methodologies previously mentioned have been applied.  Conclusions have been 
reached about the future design of rural and urban typical distribution networks. 
After several statistically similar network have been analysed and an optimal 
solution have been achieved in terms of cable/overhead lines sizes, substation 
numbers, transformers capacity, number of voltage levels, nominal voltages it can 
be concluded that low utilisation of cables and lines is recommended when 
approaching long-term loss inclusive design. Moreover, losses are a key driver of 
distribution network design and voltage tends to be the main constraint for network 
design.  
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Modelling demand individually for each domestic consumer representing 
their stochastic behaviour and representing single and three-phase loads allows a 
more realistic approach to network performance. It was verified that load diversity 
impacts losses and load imbalance should be considered on network planning since 
it has a major influence on network losses performance, especially on rural systems. 
Special attention must be paid to load balancing on a three-phase system.  
From the assessment done on strategic planning of multi voltage networks, 
several different designs were tested and a solution was achieved for optimum 
network design. Three voltage level design (132/11/0.4kV) proves to be cost 
efficient on urban systems. However, the same design should not be applied to rural 
systems since it is not economically viable and brings attached severe reliability and 
voltage problems. Furthermore, 132/20/0.4kV could be applied to rural systems 
with no voltage problems provided that few investments are made to increase 
reliability performance. 
With the proposed methodology and using real networks parameters to 
generate representative systems, the impact of DG was evaluated. The effects of DG 
on existing networks depends on the system type, generation technology and 
penetration levels. It is expected that losses decrease up to a certain penetration 
levels, increasing afterwards due to reverse power flows. Voltage profile and fault 
level do not raise major problems when network is designed using minimum lice-
cycle approach. Rural systems tend to be more sensitive to the penetration of 
microgeneration. 
The impact of DG on network planning and network optimal design was 
studied and it was found that when considered in network planning, DG 
significantly impacts design, proving to be economically beneficial. 
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2. CHAPTER 
 
 
GENERIC DISTRIBUTION 
NETWORK MODEL 
2.  
2.1. Overview 
 
 The design of the low voltage networks in the UK since the electricity 
supply industry was nationalised after the Second World War has been based on 
standards agreed and applied across all the UK. Moreover, networks installed before 
that time have been required to be reinforced to meet statutory power quality 
standards, in particular the obligation to maintain the consumer’s voltage at all 
times within prescribed limits. 
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 For most of this period, the regulatory requirement for maximum permitted 
voltage variation at the consumer’s terminals was ±6% on a nominal voltage of 
240V (415V three-phase). Most of the distribution network was designed to meet 
this standard. From 1995, to standardize the operating voltage throughout Europe, 
the declared voltage was reduced to 230/400V. For an interim period, a wider 
voltage variation of %10%6
+
−
V applies in recognition of the legacy of customer 
equipment rated at 240/415V, which may remain in service. For this reason, most of 
DNOs have not reduced the mean voltage by any significant degree below 
240/415V, a fact recognised by the Lighting industry which continues to sell light 
bulbs rated at 240V. 
 The final point of voltage control for LV consumers is the on-load tap-
changer at the primary substation. The 11kV network, distribution transformer and 
LV feeders must be designed to maintain the voltage delivered to final customers 
within statutory limits. 
 
The position of consumers influences the amount of equipment used to serve 
them. Therefore, simple geometric models or randomly placed points used in 
previous researches are not adequate. Realistic consumer sets are generated based 
on human behaviour models in terms of their position, distribution of consumer 
types and demand. 
In this chapter, a method of design policies is proposed to analyse different 
strategies on many similar realistic networks. The idea is to generate realistic 
consumer sets and networks whose characteristics are similar to those of actual 
cities, towns or rural areas. The ability to generate realistic consumer sets would 
allow several design strategies to be tested on several generated networks with 
similar properties. In contrast to traditional approaches to optimal network design, 
which are based either on the analysis of a small specific area or on idealistic 
networks, statistically significant conclusions could be achieved about distribution 
network design policy and effects of DG in the system. The conclusions would be 
applicable to actual regions because the generated set of consumers and networks 
are similar to real areas defined by their specific characteristics. 
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2.2. Optimal design policy of distribution networks 
 
Statutory constraints must be met when designing the electricity distribution 
network. The fundamental requirements are that all consumers demand must be met 
within specified voltage limits, and supply restored in a specified time limit after 
fault or maintenance. Since January 1995 the European regulation states that every 
consumer demand must be met within the nominal voltage limits of 230 %10%6
+
−
V (The 
Electricity Supply Regulation, 1994). 
Engineering recommendation P2/6 regulates security of supply. It 
establishes that for a range of group demand up to 1MW, after a first circuit outage 
the demand is supplied within repair time. For group demands of between 1MW and 
12MW, group demand minus 1MW should be met within 3 hours and total group 
demand should be met in repair time. The design used to meet this recommendation 
varies from region to region. In the UK, the standard distribution voltage levels are 
132kV, 33kV, 11kV and 400V. The operating voltage of 6.6kV is often used instead 
of 11kV because of the way the system was developed. It seems, however, to be 
universally accepted that the preferred level is 11kV and replacement strategies 
endeavour to achieve the phasing out of 6.6kV. In this study, only the 11kV 
nominal voltage is addressed. 
Voltage levels for transmission are 400kV and 275kV and for sub-
transmission is 132kV. In this study and following the common practice in the UK, 
the lines at 132kV and 33kV are usually double circuit radial. At 11kV the lines and 
cables are typically single circuit radial. Normally, the 400V system is designed to 
operate radially with tapered feeders and no allowance for load transfer between 
substations in the event of a fault. The 11kV system is also designed to operate 
radially, but the larger size of load affected by a fault means that a load transfer 
under fault conditions is allowed for by the choice of conductor and transformer 
sizes and by the placing of a switch gear. In addition, there are back-up transformers 
in 33/11kV substations to comply with security of supply regulations. This is 
because losing the supply from one such a substation would mean that many 
customers would be affected by outages.  
The exception to these general design practices is in London where there is a 
high degree of meshing and where load transfer is catered for at 400V (EDF Energy 
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Networks, 2004). In this case considerable use is made of automatic switching to 
control bus-bar fault levels and restore supplies in the event of faults on the network. 
 
 
2.3. Research to determine the optimum electricity 
distribution network design policy 
 
The problem of finding the optimal design strategy for more than one 
voltage level of a distribution system is complex. It involves many different factors 
and a large number of constraints which influence the final solution. Many possible 
feeder routes, various sizes of conductors, different tapering approaches, different 
sizes and sites of substations need to be considered. The site and size of distribution 
substations affects the design of the primary system. Constraints include reliability 
and security of supply, voltage limits, availability and cost of land for substation 
sites, environmental constraint on the feeder routes and safety aspect of installing 
equipment such as transformers and circuit breakers in heavily populated areas. The 
cost of equipment, its installation, maintenance and losses over the life time period 
also needs to be estimated. 
The goal of this chapter is to find the optimal design strategy to be applied to 
all situations where there are specific criteria of load density and urban or rural 
areas. The distinction between urban and rural is made by load density, area 
supplied and the way that consumers are positioned and connected in the network. 
Furthermore, it is assumed that consumers in urban areas are always supplied with 
underground cable and indoor substations and in rural areas with overhead lines and 
outdoor substations.  
 
Previous research similar on this topic has been done by (Messager, P., et al., 
1981), (Gonen, T., 1986), a research group from Tampere University, Finland 
(Kauhaniemi, K., et al., 1988), (Green, J. P., et al., 1999) and (Melovic, D., et al., 
2003).  
 Simple models can be used to estimate the optimum number and size of 
items as a function of a variable such as load (Lakervi, E., et al., 1995). Formulas 
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developed for estimating the optimum number and size of primary substations in an 
urban situation are quoted. These were obtained by (Messager, P., et al., 1981) by 
using simple geometric models. 
The authors studied urban and rural distribution networks and obtained some 
general laws based on minimising investment cost, cost of losses and cost caused by 
loss of supply. Simple geometrical models are used to represent urban areas, with 
the assumptions that consumers are evenly spaced and of uniform load. Examples of 
the models are a circular surface with a source in the centre and radial feeders 
coming from the centre to the edge of the circle. Another example is a square area 
with consumers placed at intersections of an imaginary diagonal grid and radial 
feeders following grid pattern. 
Geometrical models were not thought to suitably represent the variation of 
the distribution of load points seen in rural areas. Therefore, laws were developed 
for parameters which were considered the most important when describing a rural 
network. 
 
 (Gonen, T., 1986) was using geometric models in order to find some general 
rules about distribution system assuming that consumers and distribution 
substations are always uniformly distributed. General observations on the position 
of substations and their area of supply, and the choice of voltage levels have been 
made. The author reviews work which uses geometrical models to determine the 
optimum service area of a substation. These models include a square service area 
with the substation placed at the centre and four main feeders each having a number 
of laterals. This is extended to a hexagonal area with a central substation and six 
main feeders and then to a general case, where ‘n’ main feeders from a central 
substation serve a triangular area. Distribution substations are assumed to be three-
phase loads uniformly distributed along each main feeder and lateral. A simplified 
method for calculating the percentage voltage drop is used. The geometrical models 
can be used to determine the area size that can be served by an ‘n’ feeder pattern 
and the total kVA served by the ‘n’ feeder pattern. 
 
 (Kauhaniemi, K., et al., 1988) developed a mathematical model for 
optimisation of distribution network with several voltage levels. The model is based 
on a greenfield situation with no existing networks and it gives the optimal values 
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for the number and sizes of equipment at each voltage level for the chosen network 
configuration. The objective function includes investment cost of substations and 
lines, cost of losses in the transformers and the lines and outage costs. The main 
target was to find the most economical construction for a system with several 
technical constraints. 
Similarly to geometrical models, the network modelling was based on 
uniformly distributed consumer points. The non-uniform distribution of loads can 
also be taken into account by using a homogeneity factor. The length of the network 
is calculated by the model using the densities of the substations and the consumers. 
The model optimises the number of substations and feeders by using random search 
method for finding minimum of optimisation function where the costs of each type 
of expenditure are calculated separately. 
 
 (Green, J. P., et al., 1999) and (Melovic, D., et al., 2003) have developed a 
methodical tool to generate a number of generic consumer positions that are 
characteristic for different types of area, in terms of consumer distribution, types, 
numbers etc. Consumers are connected into distribution network with controllable 
branching rate and then supplied by certain number of distribution substations. A 
statistical tool was created that serves to evaluate the cost of each particular design 
over a number of statistically similar networks and allows statistically significant 
conclusions to be drawn. This concept was followed by the methodology presented 
in this chapter and the work from these authors was taken as a basis for 
development. The results show the cost of equipment, its installation and 
maintenance, and variable and fixed losses, as well as the optimum number of 
substations per km2 for different load densities depending on the type of area 
supplied. 
 
 
2.4. Model of generic distribution network 
 
Distribution network planning is a continuous process involving many 
different design strategies and optimisation techniques. Optimisation of the 
electricity distribution network design in terms of present worth cost of the system 
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usually involves mathematical modelling to represent the system and an 
optimisation algorithm which selects the best alternative. There has been much 
research into optimisation techniques for the design of electricity distribution 
systems, because of significant costs of equipment, installation, operation, 
maintenance and losses. The design problem as a whole can be described as: 
optimising the location and size of new substation and, possibly, the expansion of 
existing substations; finding feeder routes and optimal conductor size, with a 
number of constraints. However there is no method, at present, which can 
simultaneously consider all aspects of the distribution system planning problem 
because of its size and complexity. 
 
The electrical distribution design usually starts from housing estate maps. 
Buildings that exist on the map represent the sites for the electrical loads that need 
to be supplied according to certain statutory requirements. The values of these loads 
have to be estimated for each type of building (consumer). The roads in the map 
present the available cable paths. 
The general treatment of the distribution problem described above is further 
complicated by its combinatorial nature and the nonlinearity of some variables such 
as the cost function. These depend on many functions such as installation cost and 
the capitalised cost of losses. Therefore, the procedures in tackling the design 
problem can be divided into a sequential set of main steps (selection of substation 
sites and sizes, cable design, etc.). The overall solution gives the complete 
distribution design. 
 
The main objective in planning an electrical distribution system is to ensure 
that an adequate supply is available to meet demand in both near and more distant 
future. This must be done for the minimum possible cost provided that satisfactory 
reliability and quality of supply is guaranteed. 
The basic problem facing an engineer in distribution network design is the 
selection of the substation sites and sizes, cables routes and sizes to supply a given 
spatial distribution of estimated loads. This selection should be made within thermal, 
voltage and fault level constraints, at the lowest possible overall cost. 
The developed software tool can be used for the fast evaluation of 
alternative distribution network design strategies taking a statistical approach. In 
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contrast to traditional approaches to optimal network design based either on the 
analysis of a small specific service area or on idealistic networks (Green, J. P., 
1997), the proposed method aims to determine optimal network design policies by 
evaluating alternative strategies on many statistically similar networks.  
Numerous methods of optimising small sections of network for a given area 
have been developed. Usually, these involve the specification of load point 
positions, consumer demand, existing network and choice of available substation 
sites. Existing policies or design standards are often incorporated into the model. 
Network design can be explored by testing different possibilities in detail on one or 
two specific real areas. However, solutions found from investigations into the 
optimum design on an actual consumer sets or existing pieces of network are not 
necessarily transferable to any other piece of network. 
Attempting to determine generic rules concerning the optimum network 
design policy, geometric models have been used. A study of such idealistic 
networks resulted in laws on the optimum substation capacity with respect to load 
density and the optimum length of the feeders. The geometric models used in the 
study of idealized networks presuppose equal spacing between consumers of 
uniform load and equally spaced substation of uniform size. The required size and 
length of feeders, and therefore the estimate of material and installation costs, do not 
reflect reality. However, the position of consumers influences the amount of 
equipment used to serve them. Therefore, simple geometric models and randomly 
placed points are not adequate. Generic consumer sets are generated in terms of 
their position, distribution of consumer types and demand. 
 
The proposed method of determining optimum network design policies is to 
analyse different strategies on many similar, realistic networks. The idea is to 
generate generic consumer sets and networks whose characteristics are similar to 
those of actual cities, towns, or rural areas, in terms of consumer distributions, types, 
numbers etc. These sets are then supplied by a large number of different networks 
following several alternative design strategies (Melovic, D., 2003). The ability to 
generate these types of consumer sets would allow several design strategies to be 
tested on several generated networks with similar properties. Statistically significant 
conclusions could be drawn about distribution network design policy. The 
conclusions would be applicable to actual regions because the generated consumer 
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positions and networks are similar to real areas defined by their specific 
characteristics. However, the policy is applicable to all areas with the same specific 
characteristics and not only to one particular area, since it has been tested on many 
statistically similar networks. 
 
The developed software tool allows the user to carry out simulations on a 
single or multi voltage levels, considering different areas, load densities and the use 
of different kinds of equipment (underground cables or overhead lines, indoor or 
outdoor substation, etc.). 
The UK distribution system is operated at 132kV, 33kV, 11kV and 400V. 
Currently, design policies are primarily concerned with ensuring that the system 
serves the consumers and satisfy safety and quality standards. The most cost-
effective network design policy for particular area types is not known. Thus, the 
uncertainty is reflected in the variation of design practices from region to region.  
 
Using the developed method, studies are carried out to determine the effect 
of different design strategies on cost of the network, and effect of losses on design 
and pricing of that network. 
The first subject is the development of the tool to make the generated 
networks realistic in terms of consumer positions and feeders’ routes. 
 
 
2.5. Generation of realistic distribution networks  
 
Most distribution systems were installed in the 1950s and 1960s or even 
earlier. The typical useful life of the electrical assets used in distribution systems is 
about 50 or 60 years. If the optimum design for particular type of area was known, a 
replacement strategy could be established. Therefore, it is important to know the 
best design strategy. Ideally, the optimum design strategy could be defined for a 
particular type of area characterized by the number of different consumer types, the 
distribution of these consumers, the load density, the terrain and the available 
equipment. The optimum consists in the evaluation of equipment, installation and 
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maintenance costs balanced with cost of losses, while ensuring that every 
consumer’s demand is met within the voltage limits and meeting security standards. 
 
 
2.5.1. Consumer settlement algorithm  
 
The proposed method of determining optimum network design policies is 
based on the analysis of different strategies on many similar, realistic networks. The 
idea is to generate realistic consumer sets and networks whose characteristics are 
similar to those of actual urban or rural areas. The ability to generate realistic 
consumer sets allows several design strategies to be simulated on several generated 
networks with similar properties and hence, statistically significant conclusions 
could be drawn about distribution network design policy. The conclusions would be 
applicable to actual regions since the generated sets of networks are similar to real 
areas defined by their specific characteristics. Hence, the policy is applicable to all 
areas with the same specific characteristics and not only to one particular area, since 
it has been tested on many statistically similar networks. 
Real consumer distributions are not adequately modelled by placing points 
on a piece of paper randomly according to some smooth probability distribution. 
Population distribution cannot be represented by randomly placing consumer nodes 
on an area according to an invariant probability distribution. GIS data can be used 
for analysing real consumer distribution, but the problem is that consumers on LV 
level are still not included in the GIS, i.e. their exact position in terms of co-
ordinates is not yet available. An interaction should occur whereby the placement of 
new points is influenced by the positions of old points. 
Real consumer distribution shows dense regions, scattered regions, and 
deserted regions, with various recognizable levels in between. It is clear that real 
populations are subject to interactions. When properties are built, they are built in 
such a way that is influenced by the pre-existing properties. The probabilities of 
occupancy of given areas with buildings are not preordained. There is no knowing 
for sure which area will be left as green fields, and which will be occupied by 
suburban dwellings. Populations that grow in this way can show rather surprising 
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behavioural characteristics. It is in such situation of interaction that mathematical 
models can create fractal objects. 
 
 
2.5.2. Human behaviour model 
 
In this section a model for human behaviour mimicking which leads to 
distributions of fractional dimension is explained. There has been a great deal of 
work done on how consumer distributions should be characterised, especially in 
theory of fractals (Bedrosian, S. D., et al., 1987), (Barnsley, et al., 1988), (Appleby, 
S., 1995). 
Real consumer distributions are not adequately modelled by placing points 
on a piece of paper at random according to some smooth probability distribution. 
The dependence on other consumers results in a probability distribution which 
changes with each and every new consumer. An interaction should occur whereby 
the placement of a new consumer is influenced by the positions of old consumers. 
Where electricity supply networks are concerned, the consumer dimensionality has 
a direct bearing on the amount of circuit required to supply the population, and the 
proportions of different types of equipment in the network. 
The techniques drawn from fractal geometry are, therefore, combined with 
an economic model which has both attractive and repulsive terms. The model used 
by (Brint, A. T., et al., 1997) is based on human behaviour such as, when people 
settle, they do so in a way which is influenced by the typical separation between 
existing settlements. If the separation is sufficiently large, the corresponding area 
will seem deserted. Resources will be relatively difficult to procure, and therefore 
relatively expensive. This will tend to make the area unattractive. Conversely, if the 
separation between settlements is sufficiently small, the corresponding area will 
seem over populated. The cost of land will be high. This again, will make the area 
unattractive. At intermediate values of the typical separation, the combined costs of 
land and resources will be low. Such areas will be relatively attractive. In effect, this 
provides an economic representation of attractiveness. 
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The attractiveness can be represented by a single variable, k. If k<1, then the 
area is attractive. If k>1, then the area is repulsive. k is a function of typical 
separation/distance between points, d. There are two values of d, t1 and t2, for which 
k=1. If d<t1 or if d>t2, then k>1. If t1<d<t2, then k<1. The dependence can be 
illustrated graphically, and represented in terms of an equation: 
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The formula 2-1 is graphically represented in Figure 2.1 for values t1= 5 and 
t2=40. 
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Figure 2.1 – Example of function k=func(d) for values t1= 5 and t2=40 
 
When a line connects a new point to the network, it either attaches at a pre-
existing line end, or it attaches at right angles to a pre-existing line somewhere 
between its ends. Supposing that a population of points are already placed, it is then 
decided that one more settlement is proposed quite randomly, with no regard for the 
other pre-existing settlements. The nearest part of existing primitive network is 
determined and its length d is measured, and regarded as representative of the 
typical length in that area. The corresponding value of k is calculated from equation 
2-1 with the chosen values of t1 and t2. The proposed site is then transformed to a 
new site in a way which depends on the location and orientation of that nearest part 
of the primitive transparent network, and on the value of k. This primitive network 
(m) 
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is only used to measure the geometric distance between the connected points and no 
electric cables or lines are used at this point. Finally, the primitive transparent 
network is extended to meet the new settlement with the shortest possible increase 
in network length. 
This is shown in Figure 2.2. If this movement caused by the transformation 
happens to be sufficiently large, the new portion of network will not connect the 
new settlement to the part of the network which was closest to the proposed site. 
 
 
Affine 
 transformation 
d 
 
Figure 2.2 – Illustration of a new consumer settlement 
 
It may happen that when a settlement is chosen in the above way, it is placed 
outside of the bounds of the original chart. If it happens, it is shifted back into the 
chart area. 
The transformation from the initially proposed site to the final settlement 
involves three components: a rotation around the geographical centre of the chart, a 
scaling, and a shift. This is actually an affine transformation which is defined by the 
equation 2-2. The proposed location of a consumer is defined by a vector with 
coordinates (x, y). The final settlement of consumer, which is found after applying 
the affine transformation, is given by vector with coordinates (x’, y’). 
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The rotation is determined by the orientation of the nearest part of pre-
existing primitive network (angle θ). The transformation rotates the chart so that 
two edges lie parallel to the link, and displaces it so that the chart geographical 
centre and the link centre are coincident. It also scales the chart with the previously 
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explained scaling factor, k. If k<1, than scaling corresponds to a contraction towards 
the centre of the chart. In other words, this makes the transformation shrink the 
chart and this is referred to as a contraction mapping. If k>1, then the scaling 
corresponds to an expansion away from the centre of the chart (the transformation, 
actually, expands the chart). The shift is given by the vector from the geographical 
centre of the chart to the centre of the nearest part of pre-existing primitive network. 
The algorithm for generating consumer settlement is as follows. When the 
first and second settlements are made, there is no primitive network available. 
Consequently the first two settlements are made pure randomly. The primitive 
network then consists of just one transparent line, extending between the first and 
second settlements. From then on, the above rules are applied each time a new 
settlement is made. After the first hundreds settlements have been made, it is 
normally possible to see some sort of pattern emerging, like shown in Figure 2.3. 
There are areas of relative dense clustering, some deserted areas, and scattered 
portions of curving lines and other shapes. The invisible network plays no part in 
this image. 
 
 
Figure 2.3 – Example of consumer base created with t1= 0.01 and t2=90 
 
The apparent structure of the population distribution is determined very 
largely by the values of t1 and t2. If t1 and t2 are equal, then all areas will be 
repulsive. In this case, no apparent pattern will emerge, and the structure will be 
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purely random. On the other hand, if they differ by several orders of magnitude, 
then very interesting structures can emerge. To produce such patterns, it is only 
necessary to make t2 roughly equal to the size of the chart, and to make t1 very much 
smaller than that value, and to run the algorithm for a sufficiently large number of 
consumers, typically a few hundred. 
 
 
2.5.3. Network creation algorithms 
 
There is natural way to produce tree like structures. Let’s suppose that such a 
structure already exist. A point is to be connected to that network using a line with 
the minimum possible length. When the connection is made, the new line will not 
cross any line in the network. If it had crossed such line, a shorter connection would 
have been possible. Starting from a single point, which represents the initial 
network, the system is developed by making such connections. An example of tree-
like network generated as explained is shown in Figure 2.4. 
 
 
 
Figure 2.4 – Example of tree-like network 
 
This method is particularly efficient. Each line can be represented by only 
two points. When a line connects a new point to the network, it either attaches at a 
pre-existing line end, or it attaches to a pre-existing line somewhere between its 
extremities at 90º angle. In the last case, the original line is replaced by two new 
lines, each one on either side of the join point (“T” point). The network 
representation consists of lines between nodes. There are no nodes within lines. 
Suppose that a consumer distribution has been produced. Now, it will be 
necessary to connect those consumers to a network of paths along which electricity 
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could flow. These paths have to be voltage level dependent. The paths which 
conductors run at LV level are different from those that run at HV. LV networks 
tend to follow the consumer base, and consequently have lower branching rates than 
HV networks. Thus it will be necessary to have controls on the network of paths. 
An obvious approach to this is to implement a branching rate controller. 
There are different ways of connecting the previously settled consumers. 
One option is when consumers are chosen randomly from the set of unconnected 
consumers. With each new consumer selected, a straight-line path is laid, 
connecting that consumer to the nearest part of the existing network. We refer to 
this system as the “Random Neighbour Next” (RNN) scheme as illustrated in Figure 
2.5 a), where the number of each consumer shows its serial number in sequence 
during network generation. 
 
 
a) Random Neighbour Next – RNN 
 
b) Nearest Neighbour Next – NNN 
Figure 2.5 – Examples of two different algorithms for network creation 
 
In the RNN scheme, the branching rate of the network of viable paths is 
uncontrolled. In fact that branching rate is rather high. 
There is another algorithm for connecting consumers to the viable path 
network. In this case, the next consumer to be connected is not chosen arbitrarily. 
Instead, the next consumer to be connected is always the nearest to the last point 
that was connected. We refer this scheme as “Nearest Neighbour Next” (NNN) (see 
Figure 2.5 b), where, as in Figure 2.5 a), number of each consumer shows its serial 
number in sequence during network generation). In both RNN and NNN, the first 
consumer is chosen randomly. Although the next consumer to be connected is the 
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nearest to the last one connected, it may nevertheless be quite far away, because all 
the neighbours in the immediate vicinity have already been connected. 
Consequently, it may become connected to a part of the network which is remote 
from the last consumer to be connected. Occasionally the network growth jumps 
from one region to another when all the consumers in an area have been connected, 
but there are others waiting to be connected elsewhere. On the other hand, in RNN 
the network growth continually jumps from one region to another, so that it is not 
possible to estimate which consumer will be connected next. 
Examples of networks generated on same consumer set using different 
algorithms for network creation, are shown in Figure 2.6. In the Figure 2.6 a), 
consumers are connected using RNN system, while use of NNN system leads to 
creation of the network shown in Figure 2.6 b).    
 
 
a) Network created using RNN 
 
b) Network created using NNN 
Figure 2.6 – Example of different network with the same consumer set 
 
In both RNN and NNN, once a consumer has been identified for connection, 
it is connected to the existing network using the shortest possible path. The only 
difference lies in the way that the next consumer is identified. This means that it is 
possible to use both RNN and NNN on a given set of consumers, selecting NNN for 
some of the time, and RNN for the reminder of the time. Example of network 
generated using both RNN and NNN algorithm is given in Figure 2.7. 
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Figure 2.7 – Example of network generated with RNN=20% and NNN=80% 
 
 
2.5.4. Location of supply points 
 
Once a network of viable paths has been determined, it remains to populate 
this network with supply equipment. 
A picture in which consumers are connected by a network of viable paths, 
operating at the same voltage level, has been created so far. These paths may be 
filled with electrical supply equipment, or they may be empty. It may not be 
necessary to fill the entire network of paths in order to supply the consumers. If 
there is only one supply point, then clearly it will be necessary. However, if there 
are several supply points, it is only necessary to supply any given consumer from 
just one of the supply points. If this is the case, certain sets of consumers will be 
associated with the supply points, one set for each supply point. It may also be 
desirable to provide for interconnection between the sets. 
 
(Gonen, T., 1986) has done much work on the optimisation of electricity 
distribution system. He reviewed work that has used geometrical models to 
determine the optimum service area of a substation. 
The optimum size of EHV/HV substation is given as a function of load 
density: 
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3 σ⋅= kPs                     (2-3) 
where:  
Ps – optimum capacity of the supply substation (peak power delivered) 
[MVA] 
σ   –  load density [MW/km2], 
 
The substations are situated at the centre of gravity of the load that they are 
supplying. The coefficient, k, depends on the characteristics of materials used 
(Lakervi, E., et al., 1995).  
 
The first question to consider is the number of supply points (defined by user) 
and where the supply points should be located in the network of viable paths. 
Usually, this location is simulated by reference to the consumer density. The 
consumer density is established by regarding each consumer as a point of load. 
These loads could have the same value or can be different depending on the type of 
consumer (domestic, commercial, industrial, etc.). Positions of supply points are 
chosen by using a method which effectively divides the network area into smaller 
regions and finds local maximum density. The region size depends on the number of 
substations. A fewer supply points supply larger region size. 
There is question over how big should be the region supplied by each 
substation. If there is only one substation, we already know that substation should 
supply all consumers and should be located somewhere close to centre of the load. 
The area supplied should be 
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where d is the width (diameter) of the area to be supplied. 
If the same area is to be supplied with more than one substation, the area 
should be divided in smaller regions so that the consumers in each of them will be 
supplied by one supply point. So, as the total area supplied stays the same, we have 
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where m is the radius of the region supplied by each substation. 
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Once the possible supply points have been identified, the question of 
associating consumers with supply points arises. This association must be done in a 
way that is in compliance with the network of viable paths. Suppose that a 
consumer is near a particular supply point but the length of the path between the 
consumer and that supply point is much higher than to another supply point. The 
consumer density function is entirely independent of the network of paths. It 
depends only on the consumer location and its load. The same set of consumers can 
be supplied in many different ways. Therefore, it is not appropriate to decide which 
consumers should be connected to which supply point by referring the consumer 
density function. 
Each consumer or connection of paths at a “T” junction is then examined to 
establish where supply points might be located. Frequently, from one substation go 
out few feeders. Hence, it is more likely that a point of supply is located in a T 
junction where there are at least three feeders connected to the transformer. If the 
load density is high and there are no nearby supply points, a supply point is 
established at that node. Alternatively, if a node is far from all the current supply 
points, a supply point is inserted there. At the end of the process the network is 
populated with supply points. The user directly controls the number of supply points 
inserting the desirable number as an input. 
After finding the site for the first supply point, which will be in the centre of 
region with highest load density, all consumers in supplied region are eliminated 
from further calculation of next load maximum density. This means that at the end 
of process, all consumers will be eliminated, i.e. supply points will supply the whole 
area. 
The required supply point capacity is a variable that depends on the number 
of supply points. The higher the number of supply points chosen, the lower their 
required capacity. Therefore, it will be possible to investigate the question of 
substation capacity by changing the number of supply points in the given network. 
Figure 2.8 illustrates a network populated with supply points and the area 
supplied by each of them. On both side of the figure, we have the same low voltage 
network with 800 consumers, created using RNN=20%. The difference is that the 
example on the left side shows one network supplied by only one substation, while 
on the right side the same network is supplied with ten substations. On both figures, 
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dashed circle shows proposed region of supply by each of substations. Supply 
points are located in the centre of those regions. 
 
 
a) One substation 
 
b) Ten substations 
Figure 2.8 – Examples of network supplied by substation(s) 
 
After determining the position of the substations and which consumers they 
will supply, open points in the LV network have to be found. The substations cannot 
be connected through the LV network but only using the HV. Hence, islands have to 
be created including all the consumers supplied by one substation. 
To find these open points, the adopted criterion was to locate the point 
connecting the substation in the LV network with lower value of losses. This way, a 
simple load flow is performed to determine the voltages and currents and, 
subsequently, the losses in all the branches. Selecting all the branches that 
interconnect the substations, the branch with lower losses is found and opened 
between the two nodes that define the line. This is done for all the substations in 
order to form as many islands as the number of supply points. This way, the entire 
weakly meshed network would be isolated into separate radial networks (depending 
on the number of substations), and further analysis would be greatly simplified. 
Thus, this will determine which consumers are supplied by each substation under 
normal operating conditions. This means that we can subdivide load flow 
calculations amongst separate networks. Each network is, in effect, a cell with entry 
and exit points connecting with other cells. 
Different approach to the location of normally open points could have been 
taken such as based on a reliability criterion. Having in mind that the line with a 
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normally open point will be most of the time out of service and as a result will not 
be included in the network reliability performance, it could be useful to position a 
normally open point in the line with the longest length between two substations. 
Also, it could be possible to combine this method with the one previously described, 
and to put the normally open point in the line with the maximum ratio ‘line 
length/line current’. This will however slightly increase losses in the network, but 
on the other side will improve network reliability performance. 
However, as the null-point load flow (Willis, H. L., et al., 1996) is the most 
commonly used method for selection of normally open points, this method which 
splits the meshed network into the radial one by tracing the routes which connect 
any two substations and opening the branch with the minimum current, is adopted in 
the further studies. 
 
At the end of this stage, all the substations will be exclusively connected 
through a hypothetical HV network. Now that the islands are created and the 
consumers which will be supplied by a particular substation are defined, it is 
possible to find a more accurate position for the node where the substation will be 
allocated. Considering, as explained before, equation 2-5 to define the area supplied 
by one substation, all the T points inside that area are checked. The one with highest 
load density will be the point where the substation will be allocated. 
After the entire algorithm has been completed and the optimisation process 
finalised, the final network will be like the example shown below. The Figure 2.8 
(left) illustrates an example of a rural network with 1000 consumers and 10 
substations. Figure 2.8 (right) shows the layout of a network with the same 
characteristics but in an urban environment. 
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Figure 2.9 – Rural (left) and urban (right) network with 1000 consumers and 10 substations 
 
 
2.5.5. Load flow studies 
 
The distribution network has been developed as the need for electricity grew 
and technology advanced. Different practices usually reflect the characteristics of 
the area, the consumer position and load profiles. Rural areas have different 
characteristics from urban areas. If cost and reliability are to be balanced to achieve 
the optimum design, cities with dense populations should not be served in the same 
way as sparsely populated rural areas. 
For distribution systems, load flow studies are necessary to determine the 
capability of the network under all loading conditions, network configurations and 
generation scenarios. Most HV and LV distribution networks are operated radially. 
The power that flows through each section of the network is influenced by the 
position, load and generation of each node point, system losses and imbalance rate 
of the network. 
The networks that can be generated using developed software and described 
here are entirely naive with respect to load flow calculations. The emphasis of the 
subject so far has been on obtaining consumers with realistic and measurable spatial 
distributions, and fractal networks to connect these consumers. This is essential if 
the correct circuit length and corresponding impedance are to be obtained. The next 
step in research is to incorporate the developed network with a load flow calculation. 
  5 
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A load flow tool (Bell, K., et al., 1999) which solves the non-linear 
equations concerned with complex nodal voltage, power injections and power flows 
is included in developed software. In this model all loads are considered to be a 
three-phase balanced load. The tool has been further developed to provide 
interconnection through which injected active and reactive components of load for 
each node can be changed, so that a number of load flow calculations on the same 
network (with the different consumer loads during the time scale) could be 
performed. 
The slack bus is conventionally used to provide a reference voltage angle 
and to take up the system losses which cannot be predicted prior to running a study. 
It could also be thought of compensating any difference between load and 
generation and in this way is a like a generator with a governor control. In the case 
of LV distribution network supplied by one or more 11/0.4kV substations, the slack 
bus is 11kV side (busbar) of 11/0.4kV transformers, where it is assumed that the 
voltage on 11kV side of all transformers is equal and has always the same value of 
11kV. 
The load flow calculation uses a specific unit system, so that voltages are 
scaled to 1.0pu. Consequently a unit of voltage and a unit of current need to be 
specified and all input values (nodes, connection between nodes, resistance and 
reactance of each line, etc.) need to be converted to the software units. The unit of 
voltage should be set to the rms voltage that would be expected at the LV side of the 
transformer. 11/0.4kV transformers do not have automatic voltage control, i.e. work 
with fixed taps which operate at the given off-nominal turns ratio which is usually 
between 0.9 and 1.1 (in steps of 0.05) and remain fixed unless manually changed in 
the off-load state. 33/11kV transformers have automatic voltage regulation 
possibility, i.e. the transformer taps automatically change to keep the voltage at the 
regulated bus (usually 11kV bus) within a voltage range between the minimum and 
maximum voltage values.  
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2.6. Conclusions 
 
The ability to generate realistic consumer sets allow several design strategies 
to be tested on several generated networks with similar properties. Furthermore, 
statistically significant conclusions could be achieved about distribution network 
design policy. These conclusions can be applied to actual regions because the 
generated set of consumers and networks are similar to real areas defined by their 
specific characteristics. However, the policy would be applicable to all areas with 
the same specific characteristics and not only to one particular area since it has been 
tested on many statistically similar networks. 
 
A systematic methodology has been developed in order to investigate 
different distribution design strategies. Using fractal science, areas representing 
cities, towns or rural areas can be created. Several similar networks can be 
generated using one set of control parameters with different random seed numbers. 
The network has been built up by first generating consumer position and 
connecting them with a set of paths controlling the branching rate depending on the 
type of area or the voltage level.  
Position of substations was chosen using a method which effectively divides 
the network area into smaller regions and finds local load density maximum. The 
number of substations and, hence, the size of region are controlled, and so supply 
islands are created depending on the number of substations. The sources of supply 
in the LV network are distribution substations and the EHV/HV primary substations 
supply the HV system. 
Distribution substations on the lower voltage level have been treated as 
consumers on a higher voltage level. The consumers have been connected up and 
positions of substations could be chosen in the same way as for a LV network. 
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3. CHAPTER 
 
 
THREE-PHASE LOAD FLOW 
3.  
3.1. Overview 
 
The determination of the steady-state performance is a key calculation of 
any electrical system. The loading of the distribution feeders is inherently 
unbalanced since most of the loads have single-phase connection and domestic load 
has a very stochastic behaviour. Moreover, deployment of single-phase connected 
microgenerators to LV networks also has to be considered when assessing load 
flows. In addition, the non-symmetrical conductor spacing of three-phase overhead 
lines and underground cable segments also add to the unbalance effects. Due to 
these factors, conventional single-phase power flow programs are not adequate.  
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During the 1960’s and 70’s, electronic calculators made a significant impact 
on engineering calculations, but still, pen and paper were an integral part of the 
method. In this same period, the digital computer evolved into an extremely useful 
engineering tool, especially for calculations of a tedious and repetitive nature. A 
good example of this is the power-flow study used in analysing power systems 
interconnected to generators, substations and loads. Such iterative calculations are 
impractical by hand or even with the use of an electronic calculator. 
In the 1980’s, the computer revolution spawned the personal computer, and 
the price of computer hardware, dropped dramatically. At the same time, computer 
software for diverse purposes became available in a “user friendly” form. 
 
Load Flow is a computational tool created in order to determine the steady-
state voltages at all the buses of a power system. The program takes into 
consideration the load demands and the system configuration and characteristics. In 
some cases, the degree of unbalance in the transmission system is very small. 
Frequently, the load flow studies are normally performed by assuming that the 
network is balanced. However, the majority of the sensitive equipment installed in 
the distribution network concerns to unbalanced loads. In order to obtain the 
voltages embracing the effects of single-phase loads, it is essential to perform the 
three-phase load flow studies. 
 The Load Flow program is based on a method using symmetrical 
components as a frame of reference (Lo, K. L. et al., 1993). In this method, the 
three-phase power flow is resolved into separate subproblems. When introducing 
definitions of bus types, the subproblem corresponding to the positive-sequence 
power flow is solved by using the Newton-Raphson iterative scheme. The other two 
power flow subproblems (zero-sequence and negative-sequence) are formulated into 
two sets of linear simultaneous equations. 
 In order to solve the positive-sequence subproblems, the bus admittance 
matrix needs to be constructed followed by the derivation of the positive-sequence 
load flow equations. These equations are used to derive Jacobian matrix for 
calculating the positive-sequence voltages. 
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3.2. The unbalance problem of distribution systems 
 
In the evaluation of the performance characteristics of distribution networks, 
in terms of voltage and power flow profiles, it is traditionally assumed that load and 
generation connected is ideally balanced among the phases. This symmetry allows 
the use of the single-phase representation of the three-phase load/generation, and 
application of single-phase load flow studies. However, at the low voltage level, 
load and generation associated with individual houses is normally connected to a 
single phase. This load/generation is said to be unbalanced. In this case, it is 
important to assess the appropriateness of the applicability of the conventional 
single-phase load flow studies to the unbalanced situations.  
 
The importance of such studies is illustrated on a simple example by 
contrasting the voltage drop/rise in balanced and unbalanced case (Figure 3.1). For 
the sake of simplicity, the load is modelled as a constant current load, and it is 
assumed that the total load of balanced and unbalanced networks is equal. Hence, 
the total load of the balanced network (Figure 3.1a) is connected to one phase, while 
other phases are not loaded (Figure 3.1b). It is evident that, in this extreme case, the 
voltage drop (rise) is six times higher in the unbalanced network. 
 
∆V V Vsource N= − −1   ∆ ∆V Vunbalanced balanced= 6  
 
    Load 
                                        R                                                        R                     
    Source 
                                                                                                                                 
                 Imp. 
N 
                                          
(a) Balanced system   (b) Unbalanced system 
Figure 3.1 - Comparison of voltage drop in balanced and unbalanced network 
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This gives the maximum error that the application of single-phase load flow 
to unbalanced networks can create. Indeed, the application of single-phase load 
flows to unbalanced networks gives only approximate solutions, and it is of 
considerable interest to evaluate the error of such calculations for various degrees of 
the unbalance of the load between the phases. For this purpose a three-phase, 
unbalanced load flow (Seng, L. Y., 2001) for distribution networks was used and 
validated. This was then used for the assessment of the impact of DG on network 
performance and optimisation addressed in Chapter 7. 
 
 
3.3. Methodology 
 
3.3.1. Algorithm 
 
 The adopted method resolves the three-phase load flow problem into three 
separate subproblems corresponding to zero, positive and negative sequence 
components. Since the positive-sequence voltages are more dominant, the problem 
corresponding to this subproblem is solved by the Newton-Raphson method. The 
zero and negative-sequence subproblems are then formulated into two sets of 
simultaneous linear equations. 
 
 In the Newton-Raphson technique, a Jacobian matrix is derived to update the 
node positive-sequence quantities (|V(1)| and δ(1)) for the given active and reactive 
power injections at each bus. However, in some buses, the voltage magnitude might 
be specified. In those cases, the positive-sequence power flow equations associated 
with the reactive power injections are not required to the Jacobian matrix. In order 
to know which power flow equations are needed, the types of buses have to be 
identified. There are three types of buses in load flow studies: 
 
- Load bus or PQ bus (Pi,genabc and Qi,genabc injected by the generator are 
zero. Pi,loadabc and Qi,loadabc are specified. The quantities that need to be 
determined are |Vi(1)| and δi(1)); 
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- Voltage-controlled bus or PV bus (voltage magnitude at bus i is fixed. 
The |V(1)i| and Pi,genabc are specified. The quantities that need to be 
determined are reactive power Qi,genabc and voltage angle δi(1)); 
- Reference bus (Reference where the magnitude and the angle of the 
voltage are specified. Does not need to be included into the load flow 
problem). 
 
Once the type of bus is defined, the Jacobian matrix can be constructed to 
update the positive-sequence quantities. These quantities are then substituted into 
two linear simultaneous equations that correspond to the zero and negative-
sequence components for updating the zero and negative-sequence voltages. 
The process of updating Vi(0), Vi(1) and Vi(2) ends when the power 
mismatches are smaller than the specified tolerance (0.00001). 
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The three-phase load flow algorithm can then be summarised as: 
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3.3.2. Construction of the Ybus matrix 
 
The Ybus matrix can be constructed applying the Kirchhoff’s current law to 
every bus in the system. 
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[ ] [ ] [ ]busbusbus VYI =  
where              [ ]busI is the bus injected current. It is positive when injecting into a 
bus and negative when flowing away from the bus. 
   [ ]busY is the nodal admittance matrix. The diagonal element Yii is 
the sum of the admittance connected to node i. The off-
diagonal element Yij is the negative of the admittance 
connecting bus i and j, for i≠j. 
   [ ]busV is the bus voltage matrix. It is measured with respect to the 
neutral point. 
 
Derivation of the sequence load flow equations 
 
The derivation of [Ybus] is used to obtain the sequence load flow equations. 
Considering a typical n-bus three-phase system, the network can be resolved into 
zero, positive and negative-sequence. 
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Figure 3.2 – Three-phase system 
 
              a) Zero-sequence              b) Positive-sequence             c) Negative-sequence 
Figure 3.3 – Sequence networks of the three-phase system shown in Figure 3.2 
 
The equations corresponding to the zero, positive and negative-sequence can 
be obtained by applying the algorithm for building the nodal bus admittance matrix 
to bus i. 
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The power mismatches ∆Pi(012) and ∆Qi(012) are: 
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3.3.3. Derivation of the Jacobian matrix 
 
In order to solve the above equations, the Newton-Raphson method can be 
used. This is an iterative technique developed to solve non-linear algebraic 
equations. 
The Jacobian matrix is derived using the equations of ∆Pi(012) and ∆Qi(012). In 
the cases where |V(1)| is specified in some buses, equation ∆Qi(012) is not required in 
the construction of the Jacobian matrix. If the total number of buses in the network 
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is n and the first p buses are PV buses, then the number of ∆Pi(012) and ∆Qi(012) 
equations to be used in the Jacobian matrix are n-1 and n-1-p respectively.  
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In a short form,   
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The diagonal and off-diagonal elements of J1 are 
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The diagonal and off-diagonal elements of J2 are 
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The diagonal and off-diagonal elements of J3 are 
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The diagonal and off-diagonal elements of J4 are 
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3.4. Performance of the three-phase load flow 
 
The Load Flow is a program that allows the simulation of balanced and 
unbalanced systems working with symmetrical components.  
This is a very versatile computer program that gives the results of a power 
flow for phase components and symmetrical components. These results for the 
phase components are the losses of the system, the voltage, angle, active and 
reactive load, active and reactive generation at each bus and each phase. The results 
also show the branches current, the active and reactive power flow and the active 
and reactive power losses in that branch. 
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The symmetrical components results reveal the voltage, angle, current 
injected to that bus, active and reactive mismatch without power flows for each 
symmetrical component. 
 
The convergence capability in a conventional load flow is dependent on the 
size and the parameters of the network and also the loads demands.  
The performance of the three-phase load flow is little affected by the 
severity of unbalanced loads because the Newton-Raphson method is capable of 
solving non-linear algebraic equations. 
 
 
3.5. Validation 
 
Several case studies were performed during the implementation of the 
Three-phase Load Flow. Scenarios with balanced load and with different 
unbalanced load rates were tested.  
 The results have also been thoroughly checked with (Ingram, S. et al., 2003) 
test system in two different assessments to verify the accuracy of the three-phase 
load flow. In (Tao, W., 2004) and (Zhu, Y., 2005) the software was used to simulate 
the flow and voltage effects of small-scale DG units on distribution networks and to 
perform a sensitivity analysis of the losses in LV networks, respectively. In both 
cases, the results show a convergence of the values obtained with the results from 
the study (Ingram, S. et al., 2003). 
 
 
3.6. Conclusions 
 
After the position of consumer is known and network layout is found, it will 
be necessary to quantify power flows through various circuits and voltages at 
various nodes.  
The real distribution system has unbalanced loads as well as unbalanced low 
voltage generation. In the years to come, the single-phase microgenerators will play 
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an increasing role in the distribution system and it is expected that the number of 
microgenerators will grow dramatically.  
In the evaluation of the performance characteristics of distribution networks, 
in terms of voltage, power flow and losses profiles it is traditionally assumed that 
load is connected balanced among phase. This symmetry allows the use of single-
phase representation of the three-phase grid, and application of single-phase load 
flow analysis. However, at the low voltage level, load and generation of domestic 
consumers are normally connected to only one phase. Due to this, the network is 
said to be unbalanced. In case the consumer is non-domestic, the connection 
load/generation is three-phase. For this purpose, an unbalanced load flow model 
was included in the software and three-phase representation was included. 
The calculated power flows will then be used to compute line and 
transformer sizes based on the adopted life-cycle model. Voltage is required to be 
within specified limits and the currents flowing through the network must not cause 
the voltage to be outside these limits. This then restricts the maximum current flow. 
Similarly, plant items such as cables, transformers and protective fuses must be 
operated within thermal limits. As explained before, the voltage regulation limit will 
usually be reached before the thermal limit of a line or cable. Therefore, when 
assessing the impact of small-scale generation the voltages and currents must be 
known and so appropriate load flow calculations are required. 
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4. CHAPTER 
 
 
DEMAND MODELLING 
4.  
4.1. Overview 
 
  
Typical distribution system in the UK is composed by four voltage levels. 
Primary substations step down the voltage from 132kV to 33kV or 11kV and 
distribution transformers reduce the voltage level to 400V. Energy is then 
distributed to consumers through feeders that can be overhead lines or underground 
cables depending on the system characteristics. Urban networks tend to have highly 
concentrated loads, with a variety of consumer types with different profiles ranging 
from domestic to industrial type. On the other way, rural networks have scattered 
loads, connected through long radial feeders, being domestic consumers the 
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majority. In other words, distribution system has many different designs to connect 
many different types of loads. 
There is a need for selection of customer types and their demand model. The 
number of different types and their distribution varies depending on the type of area, 
such as urban or rural, and also it will vary with the time, the day and the season. In 
an attempt to model this behaviour, customers are grouped into different types and 
detailed demand profiles for each type of consumer are created. 
Load profiles provide the information on the shape, or pattern, of customers’ 
demands for electricity over time. Typical utility system profiles peak during the 
day and are reduced at night, with different types of businesses, industrial 
operations, and residential users showing markedly different profiles.  
 
 The demand across a network of consumers is a mixture of both highly 
correlated and uncorrelated components. Most of domestic customers will have 
higher demands during the morning and the evening, when the home is occupied. 
This pattern tends to dominate the daily load profile. The effects of weather and 
seasonal patterns generally affect all consumers in a similar fashion, especially at 
the macro undiversified level. However, when assessing LV network design, it is 
important to look at the detailed level – the individual consumer. Individual 
customer loads are much more stochastic than the aggregated loads seen at the 
primary substations and, consequently, require much more detailed modelling. 
 It is in the DSO’s interest to quantify and qualify consumer demand in the 
most accurate way. This will lead to evident benefits for the network operation and 
will reduce costs for the provision of generation reserve. Moreover, it allows the 
creation of strategies and incentives for demand reduction. This type of research can 
be hampered by the difficulties of obtaining data for consumer’s load profiles (Bass, 
J., 1987). 
 Since privatisation of the UK electricity industry, energy trade was based on 
half-hourly time steps, one month in advance. It is not current practice to meter 
small consumers more frequently than on a monthly basis, quarterly or even annual 
basis. Thus, there has been a need to develop accurate demand profiles for trading 
proposes and these estimations have been based on samples of 30 minutes data 
(Energy Association, 1998). The goal of the creation of individual load models was 
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to synthesise the demand at each point of connection to the LV network on a 
suitable time scale according to the type of customer.  
 The estimation of individual domestic load profiles provides a better 
representation of the distribution of load in the network than approaches based on 
analysis of aggregated, non-diversified, demand at the primary substation. This 
would be an average of hundreds or thousands of customers and would not 
represent accurately individual customers that are different from each other and 
have different types of profiles. The presented methodology gives a technique of 
accounting for diversity representing a demand closer to reality and also allowing 
consideration of phase unbalance since the loading of each phase of the LV network 
can be investigated. 
 
 
Figure 4.1 – Diversity representation: aggregation of individual loads 
 
 For large groups of dwellings, the spikiness of the demand profile is 
smoothed due to diversity between different consumers and is consequently easier 
to predict (Figure 4.1). Also, as interest in distributed generation gathers more 
interest, it becomes more important to be able to represent the demands of small 
groups or even individual consumers. 
 
 
4.2. Load model 
 
One of the objectives of the studies performed was to compare losses in 
rural and urban networks. To perform the studies, realistic network are generated as 
explained in Chapter 2. Changing the input parameters, it is possible to create 
representative generic networks for the urban and rural case. 
A distribution system serves many types of consumers. The number of 
different types and the distribution of them will vary depending on the type of area, 
such as residential, industrial or rural.   
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The typical distribution of consumer types commonly found in cities and 
surrounding areas in the UK has been considered. For the simulations, nominal 
daily load curves for eight different types of consumers were used (Elexon, 2000).  
 
1) Domestic Unrestricted 
2) Domestic Economy 7 
3) Non-Domestic Unrestricted 
4) Non- Domestic Economy 7 
5) Non-Domestic with Load Factor 0-20% of Maximum Demand 
6) Non-Domestic with Load Factor 20-30% of Maximum Demand 
7) Non-Domestic with Load Factor 30-40% of Maximum Demand 
8) Non-Domestic with Load Factor Higher than 40% of Maximum Demand 
 
Load profiles for typical consumers are given for winter and summer period 
and the graphs of their hourly demands are illustrated in Figure 4.2. 
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Figure 4.2 – Daily after-diversity load profiles for different type of customers used 
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 Depending on the type of the network, the number of consumers assigned to 
each type of load will be different. For rural networks, the big majority of 
consumers were considered to be domestic unrestricted and domestic economy and 
only 10% were non-domestic. This scenario is different for urban networks where 
non-domestic consumers have bigger percentage. 
The former Distribution Boards in the UK established a procedure which 
combines the individual patterns of consumption in terms of hourly or half-hourly 
consumption and standard deviation (British Electricity Board, 1981). Random 
variation of demand around the mean value, at each consumer node should be 
applied. Their after diversity daily load profiles are then used as input in the load 
flow program which is used for calculating system voltages, currents, losses, etc. 
In order to simulate changes in the load throughout the year it is not enough 
to use only after diversity daily load profiles given for summer and winter seasons. 
Load also changes from one day to another as well from one week to another. In 
order to simulate this, values of after diversity load profiles are multiplied with 
week load coefficients, so that the load of each consumer, as well as total network 
load changes during the whole year. 
However, this approach was found not to be accurate enough to represent 
domestic consumers since they present a very stochastic behaviour. Therefore, a 
new algorithm for domestic load creation was developed. 
 
 
4.3. Domestic load creation 
 
Losses on distribution networks are a very important issue and there has 
always been an attempt to reduce them in order to minimize operational costs. In 
this assessment, losses are calculated according to the topology of the network, 
cables length, load type, power factor, transformer sizes and types and load 
imbalance. 
The way load is modelled will impact studies about losses (Eggleton, M. N., 
1993). Therefore, a particular focus on this matter was taken into account and 
different scenarios were studied.  
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Individual customers of the same type use electricity in different ways and at 
different times. Residential demand also depends on the house occupancy and their 
economic activity, natural seasonal cycle of day length and ambient temperature. 
Hence, domestic load has a stochastic nature. 
 
 
Figure 4.3 – Total and end-use domestic demands for a typical winter weekday (half-hourly averaged, 
group averaged, unrestricted tariff) from (Load Research, 1999) 
 
Each connection point is represented by a discrete demand. For network 
operation and design, it is required to know the average and peak demand of each 
consumer, together with a diversity factor to account for variations in the timing of 
individual peaks in demand. 
In (Messager, P., et al., 1981) all consumers are assumed to have an 
identical load at a given time and smooth 24-hour load curves are applied to 
represent the average behaviour of each customer in each class as shown in Figure 
4.4 for unrestricted customers. However, no residential customer in any utility’s 
service territory has a load curve that looks like this average representation (Willis, 
H.L., et al., 2000). The “smooth” representation is correct in cases considering a 
large sample of customers, but undiversified load reflects the more accurate erratic 
shifts in load of customers as major appliances such as central heating, water 
heaters, and other devices are switched on and off. 
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Figure 4.4 – Typical daily load curve in winter and summer for a domestic unrestricted customer 
 
A British Electricity Board report (British Electricity Board, 1981) explains 
that the undiversified demand for any half hour had been found to have a normal 
distribution of values about the mean given by the diversified demand defined in 
Figure 4.4. Variances in demand can be attributed to a number of causes. Firstly, 
individual customers of the same type use the electricity in their homes in different 
ways and at different times. Secondly, customers cause demands that are sensitive 
to changes in ambient temperature.  
 
Detailed description of individual load was undertaken in order to allow an 
accurate power flow analysis, i.e., both active and reactive components of each 
consumer. The objective is to assess whether time scale of sampling, day and season 
of the year would lead different profiles of demand to impact on network 
performance.  
In previous studies, depending on the type, consumers were assumed to have 
an identical load at a given time and smooth 24-hour load curves were used to 
represent the average behaviour of each customer in each class. However, a single 
residential customer has a load curve not so smooth and with bigger oscillations.  
Load was considered to be single or three-phase depending on the size of the 
consumer. Domestic consumers were considered to have single-phase connection 
and their load profile was created individually for
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Therefore, a comparison between using the same load profile (smooth load profile 
seen by the GSP) and modelling each consumer’s load profile (representing the 
peaks due to appliances connection) was carried out.  
The diversified domestic load profile is constituted by 9 characteristic days 
so that seasonal behaviour is represented as well as the differences between 
weekdays, Saturday and Sunday. These are smooth curves created when a large 
number of consumers is averaged, i.e., this is the load profile of the consumers from 
the GSP point of view as shown in Figure 4.5. 
These curves model sunset times, daylight hours (related to light 
consumption), seasons, weather depending on the season (heating and time spent at 
home), temperature, day of the week and correspondent activities. 
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Figure 4.5 - Nine characteristic days load profile 
 
Due to be quadratic relationship between losses and power flow, the use of 
undiversified load might be significant in the calculation of losses, where the 
presence of “needle peaks” is expected to lead to higher losses than the case where 
the smooth diversified load profile was used. This can only be verified when we 
have a small number of consumers since as the number of consumers grows, the 
gathering of individual load profiles will start resembling more like the smooth 
profile seen from the GSP. 
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High time resolutions are only needed when studying loads of small groups 
of costumers and is only an issue when non-coincident load behaviour occurs. 
Transformers’ thermal behaviour has a slow response to such fast variations of load. 
In fact, it will need a high peak of over an hour to detect a reasonable change in the 
thermal step response. However, load losses are responsive to fast load shifts and, 
therefore, load sampling rate can impact on transformer performance. 
Only the residential load was modelled individually to create non diversity 
in load as the business and industrial consumers have coincident load behaviour 
(coincidence factor near 1). The smooth, coincident load profile for a large set of 
consumers does not need to be sampled at a high time resolution. The demand curve 
for about 100 consumers can have time resolution of 30 minutes with little error on 
the system power flow. 
Every residential daily load’s behaviour shows rapid shifts from “load 
valleys” to high peaks due to the random and frequent “switch on/off” of appliances 
(central heating, water heaters, microwaves, lights, air-conditioning, refrigerator, 
etc). Using the diversified load profile as base model, load peaks and valleys were 
created according to a probability density function so that bigger load oscillations 
are less likely to happen but tend to occur during hours when the base load is higher.  
In order to model the stochastic behaviour of the domestic consumers, 
values of 5 minute active power were generated based on a mathematical 
probability density function as follows: 
 
 
Figure 4.6 – Probability density function to generate 5 minute load values 
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This model is transferred from a distribution model f(x) = Probability(x=k), 
where k refers to a load variation between d and b. 
 The probability density function has a triangular shape. The purpose is to 
define the possibility for a load variation to fall within the range between k1 and k2 
(d ≤ k1 < k2 ≤ b), whose mathematical definition is the area under the curve: 
 
∫ <<==
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k
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 In respect to Figure 4.6: 
  a – Average load (fixed) 
  d – Minimum load (function of x) 
  b – Maximum load (defined by user) 
c – defined as a specific load to limit its value within a reasonable 
range for load fluctuation. In the current case: c = a + 90%(a–d). 
 
 As an example, supposing that “x” is the diversity factor and specifying a as 
the base load seen from the GSP (Figure 4.5), when x = 100%, d = c = b = base load 
(after diversity load profile); when there is no diversity, x = 0%, the generated value 
will fall between d = 0 and b (maximum value defined by the user). 
 The general expressions can be defined as: 
  a = Average load   (known) 
  b = Maximum load   (defined by user) 
  d = ax    (function of x) 
  c = a(1.9–0.9x)  (function of x) 
 
 To completely define the distribution function F(x), the two fluctuation points 
– h1 and h2 – need to be known. By assuming the probabilities below and higher 
than the average value are equal, the following equations are derived: 
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The solution of h1 and h2 will be: 
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 The area of the triangle “adh1” is: A1 = 0.5. 
 The area of the quadrangle “dh1h2c” is: A2 = 22
1 hcb −−  
 
Then, the distribution function F(x) is shown as: 
 
Figure 4.7 – Load variation distribution function 
 
Where:  x1 = d, y1 = 0 
  x2 = a, y2 = A1 
  x3 = c, y3 = A2 
  x4 = d, y4 = 1 
 
Figure 4.8 shows the resulting load profile for an individual consumer 
modelled for 5 minutes. In the non-diversified load model, spikes can go up to 
10kW whereas in the smooth profile the maximum load is 1.4kW. To ensure that 
annual energy is the same, daily energy needs to be always equal in both load 
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models. The profile with 30 minute time resolution is derived by averaging the 5 
minutes profile. When performing the simulations in chapter 6 and 7, this profile 
was used since it would still represent load peaks while drastically reducing 
computing time. 
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Figure 4.8 – Example of an individual non-diversified load profile 
 
 The reason for the erratic needle peaks load behaviour shown in Figure 4.8 
is the operation of appliances such as central heating, kettles, washer-dryers, 
lighting and other devices that are used in the household.  
Over the optimized network, the three-phase load flow described in Chapter 
3 was implemented in order to analyse single-phase loads in the system and all the 
inherent effects such as load diversity (single-phase domestic consumers) and load 
imbalance. Half-hourly load flow analysis throughout a year was performed and line 
and transformer losses calculated. 
 
 
4.3.1. Influence of sampling rate 
 
The way in which load data is collected can produce a considerable effect on 
the shape of the resulting load profiles as well as impact the perceived values of 
peak demand. Sampling rate has a big impact on what load curve looks like, how 
accurate they are and how appropriate they are for various planning purposes. 
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Sampling rate refers to the frequency of measurements, the number of times 
per hour or per day that the load is recorded. Generally, the faster the sampling rate, 
the more accurate the data, but the more expensive the analysis. Hourly sampling of 
loads requires dealing with 8760 samples a year. Doing similar recording on a 5 
minute basis requires 105120 samples. 
As it will be shown on the next section, larger groups of consumers have 
smoother load curves. Therefore, the sampling rate is not such a vital issue when the 
load being metered is for a feeder or substation as it is when the load being 
measured is for only few consumers. At a system level, it seldom makes substantial 
difference. 
The smooth, after-diversity load profile for a large group of consumers does 
not need to be sampled at a high rate in order to be accurately recorded. The load 
curve for hundreds of homes can be sampled at a 30 minute rate with little 
appreciable error. 
High sampling rates are needed only when studying the loads of individual 
or small groups of consumers. Thus, in the present study, the sampling rate used 
was 5, 15, 30 and 60 minute time intervals, depending on the number of consumers.  
 
 
4.3.2. Impact of number of consumers in load diversity 
 
Diversity describes the variation in the demand for electricity between 
consumers within a group. Individual load peaks are not additive since they occur at 
different times. These peaks are quite short and do not happen simultaneously and, 
therefore, are non-coincident. When diversity is high, the average group peaks and 
valleys are smoothed as Figure 4.9 to Figure 4.12 shows.  
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Figure 4.9 - Individual domestic consumer 
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Figure 4.10 - 10 domestic consumers 
 
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
00
:00
02
:00
04
:00
06
:00
08
:00
10
:00
12
:00
14
:00
16
:00
18
:00
20
:00
22
:00
Hour
Po
w
er
 
(kW
) 2kW
 
Figure 4.11 - 100 domestic consumers 
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Figure 4.12 - 200 domestic consumers 
 
 By the time there are few tens of homes in a group, the smooth pattern of 
load begins to emerge from within the stochastic pattern of individual load shifts. 
When few dozens of consumers are averaged together then we can say the load 
curve stats resembling the one seen from the GSP. 
When averaging the demand of a group of consumers, the resulting peak is 
lower than the individual peak load multiplied by the group size. It has long been 
common practice to account for diversity using two elements – the After Diversity 
Maximum Demand (ADMD) and the Diversity Factor (DF). The first consists on 
the group peak in the demand per consumer and the last is the ratio of the actual 
peak demand for a group to that estimated from the ADMD. The Maximum 
Demand (MD) at a given load point of the network depends on the DF and the 
number of consumers in a group, N: 
 
DF
N x ADMD
 = MD  
 
When the size of the group approaches infinity, DF will tend to unity and the 
ADMD and MD are considered equal. According to what was shown in Figure 4.9 
to Figure 4.12, it is possible to say that the size of the group needs to be on the order 
of few dozens for the MD to start approaching the ADMD values (Figure 4.5). 
 Analysing the value of the annual losses, it can be said that for all the case 
studies performed, is higher when using load profiles with no diversity. This 
difference is more noticeable on rural networks and annual losses can be 15% 
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bigger on a rural network with 50 consumers when not using diversity depending on 
the number of substations used. On urban networks, annual losses are very similar 
for both cases. 
 
 
4.4. Power factor 
 
Consumer load consists of active and reactive load. In order to calculate the 
value of reactive load, it is necessary to know the value of power factor of a 
considered consumer. Different studies detail results of power factors measured for 
various pieces of electrical equipment such as washing machines, central heating 
pumps and other devices. Although most of the larger loads are mainly heating 
loads and have power factors above 0.95, many items of equipment with low power 
factors are on continuously and make large contribution to the overall load current. 
(Gonnen, T., 1986) quotes a typical power factor seen by a utility in the summer 
months as 0.8. The power factor also varies throughout the day and is at its lowest 
in the late evening when TV and washing loads with poor power factor are high and 
resistive loads such as cooking are low. In this study, power factor, which is an 
input parameter in the software tool, equal to 0.85 was employed for urban 
networks and 0.9 for rural areas. 
 
 
4.5. Distribution of consumer types  
 
Different areas supplied by distribution networks have different 
characteristics. Urban and rural areas are composed by different types of consumers. 
Naturally, rural areas have mainly domestic consumers and few commercial 
activities. On the other way, urban areas have a significant presence of commercial 
and industrial type of consumers and could even have industrial parks where the 
load is very concentrated. To replicate these facts, consumer types were distributed 
differently for urban and rural areas being composed as shown in Figure 4.13 and 
Figure 4.14 for rural and urban networks respectively. 
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Figure 4.13 – Consumer distribution for the LV rural network 
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Figure 4.14 – Consumer distribution for the LV urban network 
 
 The frequency distribution together with the size of the area to be supplied 
defines the load density. Thus, this representation enables the creation of high 
density areas such as city centres and low density regions, characteristic of rural 
sparse areas.  
 
 
4.6. Methods of comparing demand data 
 
4.6.1. Total consumption 
 
The total energy consumption (in kWh) is simply calculated as a sum of the 
energy demands over a given period. This figure is frequently used on a national 
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basis for annual consumptions, to derive the associated emissions, to establish basic 
trends in demand and to assess the broad effects of demand reduction strategies. In 
terms of the model, for an individual consumer, total consumption tests the 
assumptions made about demand allocation. For a group of homes, it also tests 
diversity. In both cases, it verifies the overall scale of demand. 
 
 
4.6.2. Peak/average demands 
 
Estimates of the peak annual demand are frequently used to size network 
equipment. The relationship between the average and peak values provides the load 
factor, also used in network design. Peak and mean values depend on the time 
period over which the demand is averaged. Looking at peak and average demands 
tests the model in terms of the scale of demand predicted and, at a basic level, the 
pattern of demand. 
The total demand for a group of consumers is the diversified demand. The 
peak demand for the group (the maximum diversified demand) is an important 
factor for sizing transformers. Summing the maximum demands per consumer and 
comparing this to the maximum diversified demand provides a diversity factor. 
Comparing values from measured and modelled data tests the diversity between 
consumers. 
 
 
4.6.3. Profiles 
 
Profiles are usually generated on a daily basis. They may be averaged 
profiles over a year, season (for different days or tariffs) or for specific days. 
Comparison of the modelled versus measured profiles confirms the overall 
correctness of the patterns in the demand - averaged profiles tend to show basic 
trends whilst those on individual days (e.g. the 9 characteristic days) provides more 
detailed trends, revealing underlying reasons for any divergence between actual and 
modelled demands. 
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Comparison of profiles for an individual consumer can establish how 
appropriate the models might be for use on a per building basis whilst profiles for 
groups validate the general pattern of demand and the degree of diversity. Those for 
a single day provide an indication of whether the model represents the spiky 
characteristics of the load, arising from individual appliances. Comparison of group 
averages and ranges of maximum and minimum demand for the daily profiles 
should provide further evidence of the reliability of modelled diversity. 
 
 
4.7. Impact of load diversity on network performance  
 
 When comparing the overall losses performance using the after diversity and 
the undiversified 5 minutes load profiles, the difference is relatively important, 
especially when the number of consumers connected to the same feeder is small. 
Using a load profile with higher peaks leads to higher losses due to the quadratic 
relation between losses and current. In Figure 4.15 it is possible to see the decrease 
in the difference of the value of losses using these two different load profiles for a 
small test network with one substation. When using few consumers, the difference 
is quite big but when the size of the sample increases, this difference is less 
noticeable. As a matter of fact, when more than 50 consumers are connected to the 
same feeder (single-phase) the disparity is rather small and smooth after diversity 
profiles for domestic consumers can be used. A clear example of a situation when it 
should be used undiversified profiles is in rural networks when only few customers 
are connected to a small distribution substation and the majority of the loads are 
stochastic domestic consumers.  
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Figure 4.15 – Difference in annual energy losses between using diversified and non-diversified load 
profiles depending on the size of the sample of number of consumers 
 
In order to assess the losses issue on distribution networks, several case 
studies were performed on realistic LV networks. Simulations have been carried out 
on 0.4kV networks supplied from 11/0.4kV substations. Figure 4.16 and Figure 4.17 
show the annual losses as a percentage of the total annual energy. Both urban and 
rural cases are considered with different number of substations per km2.  
It is possible to notice that annual losses in rural networks are much higher 
than in the urban case. Also, the losses decrease exponentially with the increase in 
the number of substations. In fact, the more substations supplying the network, the 
shorter the length of the cables will be. Moreover, the number of consumers 
supplied by the same substations will be fewer and the current of the cable will be 
lower causing the losses to decrease.  
As expected, for high load densities (urban case) with a high number of 
substations, losses are relatively low (less than 2.4%) due to small and very densely 
populated areas supplied by a small number of transformers and short length and 
large cross-section cables. This means that there will be more consumers supplied 
by the same substation which will lead to an increase in the size of the transformer 
used.  
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Figure 4.16 - Annual losses and total cost per year of urban network with 5MVA/km2 as a function of 
the number of substations using diversified and non-diversified load profiles 
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Figure 4.17 - Annual losses and total cost per year of rural network with 0.2MVA/km2 as a function of 
the number of substations using diversified and non-diversified load profiles 
 
Comparing the scenarios using undiversified load profiles with the case 
where we use individual load profiles (diversity), the losses are always bigger in the 
second case. As explained before, the needle peaks which are present when 
modelling each individual customer are responsible for that increase since they 
influence the quadratic relationship between losses and power flow. Given that a big 
sample of users was used, the difference in the value of annual losses is not too 
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large but when considering relatively small networks, the difference can be 
significant. 
 
 
4.7.1. Impact of load imbalance on LV network losses  
 
Another issue with great impact on losses is the loading conditions of each 
of the system’s three phases. Studies were performed for balanced load conditions 
and different unbalance scenarios. Defining Load Unbalance Factor (LUF) as  
  
 
 
different values were used. In this conditions, analysis of the losses on rural and 
urban networks were carried out. Again, for each unbalance scenario, losses are 
always higher in rural networks. Moreover, losses increase with the LUF and are 
higher when using non-diversified individual load profiles as can be seen in Figure 
4.18 and Figure 4.19.  
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Figure 4.18 – Annual losses of urban network with 5MVA/km2 and 20 substations/km2 as f(LUF) 
 
In the urban case, when we have a LUF = 50%, the value of annual losses 
can be more than 1.6 times bigger (over 60% higher) whereas in rural networks, the 
difference can reach 300%. 
Maximum difference in Power 100%
Total three-phase Power
LUF = ´
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Figure 4.19 – Annual losses of rural network with 0.2MVA/km2 and 4 substations/km2 as f(LUF) 
  
Therefore, single-phase loads when not properly distributed among the 
three-phases of the network can generate high losses and so, attention to load 
imbalance should be paid to during network planning. 
 
 
4.8. Conclusions 
 
This chapter discussed the extent to which the load models provide an 
adequate representation of the electricity demand in the context of a typical urban 
and rural LV network. To provide a foundation for this discussion, the base load 
profiles used were the after diversity ones, seen from the GSP as an average of 
hundreds of customers. To add more accuracy and better representation of the 
seasons of the year and day of the week, domestic load was further divided in nine 
characteristic days. Additionally, to represent single-phase connections and to 
model the stochastic behaviour of domestic customers, for each client a five minutes 
load profile was generated. 
Obtaining reliable data for demand is notoriously difficult and very 
expensive to collect. Until smart metering is widely installed, it will always be 
necessary to use complex load models to be possible to plan the network and assess 
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its performance in an accurate way. The proposed load model give a realistic set of 
data to load the LV network scenarios previously created.  
 
The load model provides a far more detailed description of the load in 
spatial (per individual consumer) and temporal (different time resolution) terms. 
This way, it is intended to provide a more realistic loading of an LV feeder, 
including single-phase loads representation. The load models were targeted at 
providing more accurate peak demands depending on the size of the consumer but 
keeping the same daily energy consumed and mean demand.  
 Load behaviour of individual and small groups of electric consumers is 
dominated by coincidence, the fact that peak loads do not occur simultaneously. 
Individual load curves are stochastic, formed of fast, sharp shifts in power usage. 
But when the planner analyses load for groups served by substations, the individual 
load curves add together with the sharp peaks intermingling and forming a smoother 
curve. Thus, when comparing the load profiles for different-sized groups of 
consumers, as their number increases, the group load curve becomes smoother, the 
peak load per consumer decreases and the duration of the peak increases. 
Results of the model were included in the generic networks previously 
generated and series power flows were run to compare results between using 
diversified and non-diversified load profiles. It was shown that the size of the 
sample of consumers and their type influences the accuracy concerning the network 
performance. Consequently, smooth averaged after diversity profiles currently used 
by DNOs are not accurate for sparse rural networks, when only few consumers are 
connected to a small distribution substation. The lack of single-phase load peaks 
when averaging hundreds of consumers is responsible for this difference in the 
simulations.  
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5. CHAPTER 
 
 
NETWORK OPTIMISATION – 
MINIMUM LIFE-CYCLE COST 
5.  
5.1. Overview 
 
The businesses of transmission and distribution of electrical energy have 
always been considered as natural monopolies in defined service areas. Before 
privatisation, the industry, on behalf of the Government, decided what product to 
deliver to customers and at what price. There was, however, a big ambiguity on the 
definition of product, just clarity in terms of voltage and frequency limits, with no 
independent oversight or mechanism for customer appeal. Engineering 
Recommendation P2/5 specified the level of security required for distribution 
networks classified by group demand. 
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The UK distribution network was significantly expanded during the late 
1950s and early 1960s, and the assets then installed are now approaching the end of 
their useful life and need to be replaced. This offers an opportunity to reconsider 
fundamentals of distribution system design policies (Curcic, S., et al., 2001). 
However, since deregulation and privatisation of the electricity industry, network 
owners and operators have been exposed to a spectrum of complex conflicting 
objectives: reducing capital expenditure, reducing operating cost, improving 
reliability and service quality and offering the service at lower prices. These 
pressures, accompanied by uncertain future and strong short-term objectives, have 
resulted in a trend to increase the life of the existing plant and to drive the assets 
ever harder.  
Within the present regulatory climate the replacement policies for 
transformers and distribution circuits, both cable and overhead line, are primarily 
concerned with cost of investment, while the cost of losses tends not to be given 
adequate consideration. It therefore appears that the electricity industry is 
abandoning the traditional approach of selecting network designs associated with 
minimising life-cycle costs of ownership and operation of the network. Life-cycle 
costs are composed of cost of investment and cost of losses. Incentives to take cost 
of losses into consideration through the current price controls seem not to encourage 
implementation of minimum life-cycle cost transformers and circuits in distribution 
systems. The main concern here is whether the short-term objectives of the network 
developers, coupled with inadequate regulatory incentives for investment in high 
efficiency distribution plant, may result in installation of inefficient plant, which 
will then be in operation for the next 30 years. 
 
This chapter discusses the impact of losses on the selection of optimal 
capacity of distribution conductors and transformers. A minimum lifecycle cost 
methodology, which balances the capital investment against the cost of the system 
losses, is used as a basis for circuit design. The evaluation of the optimal circuit 
utilisation is performed using an annual 1/2 h normalised load profile of the 
England and Wales gross demand in 2004 (Elexon, 2005) and the load model 
explained in the previous chapter. A comprehensive analysis is performed to 
calculate the optimal utilisation of distribution circuits using a variety of types and 
sizes of overhead lines, including bare and covered conductors, and cable circuits, 
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including different insulation types and conductor arrangements, at LV, 11kV and 
33kV voltage levels. The concept of loss inclusive distribution network design is 
then applied to a large generic distribution system; this includes relevant 
characteristics of a real multi voltage level mixed urban and rural distribution 
systems with associated annual demand profiles of realistic combinations of 
domestic, commercial and industrial customers.  
 
 
5.2. Life-cycle cost of equipment 
 
The life-cycle cost of distribution circuits and distribution transformers is 
assumed to be composed of the capital cost and the cost of losses resulting from 
their operation. The annuitised cost method involves converting each component of 
the total owing cost formula into an annual levelised cost (expressed in £/year) over 
the life-time of the equipment.   
Major opportunities will arise during the planning of a new network or, 
more usually, replacing the old one where the incremental cost of high efficiency 
equipment will be easy to determine, the lifetime will be longest and there will be 
no, or little, difference in installation costs. There will be many instances where the 
installation of more modern equipment will be so beneficial that the replacement of 
existing equipment before its normal end-of-life will be justified by savings on 
operating costs.  
Frequently, economic justifications are concerned with a relatively short 
time period, while the cost benefits occur over a much longer period (several 
decades for some large electrical equipment like transformers, cables or overhead 
lines). This results in an underestimate of the return from the investment and a 
perfectly suitable proposal being rejected. In most cases a minimum life-cycle cost 
methodology that balances the capital investment against the cost of the system 
losses should be used as a basis for circuit economic design (Curcic, S. et al., 2001). 
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5.2.1. Optimal design of distribution conductors 
 
The objective of a distribution feeder is to distribute electric power as 
efficiently as possible from a source to a load point. Due to their electrical resistance, 
conductors dissipate some of the power carried in the form of heat. In theory it 
would be possible to reduce the power losses to a negligible amount by increasing 
the size of the feeder. However, as this also increases the cost of the circuit and it 
tends to cancel out the financial savings from better distribution efficiency and a 
compromise has to be achieved: the problem is to identify a conductor size which 
reduces the cost of the wasted power without excessive capital costs. A simplified 
approach to this problem is defined by Kelvin’s law as explained in (Freeman, P.J., 
1974), for which the conclusion can be stated as: “the most economical cross-
section of a conductor is that which makes the annual cost of the energy losses 
equal to the annualised capital cost of the conductor”. This simplified way of 
computing the optimal cross-section of a circuit does not, however, lead to the 
precise optimum size of circuit as described in Figure 5.1, which shows the results 
of a study performed on a cable supplying 80 typical unrestricted customers at 
0.4kV, and assuming a 7% rate of return over 20 years. 
As expected, the cost of losses decreases with the cross-section while the 
capital cost increase with the size of the cable. For this example, the optimal cross-
section minimising the total cost of the cable is about 210mm2 while using Kelvin’s 
law would lead to a cross-section of 180mm2. However, there may be technical 
limitations on conductor size such as voltage drop or security constraints. 
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Figure 5.1 - Total cost/ size curve of 0.4kV cable supplying 80 domestic unrestricted customers 
 
Figure 5.1 presents a graphical way of finding the optimal cross-section of a 
feeder. IEE regulations (IEE Wiring Regulations), now BS 7671 (equivalent to IEC 
364 and European Standard HD 384), can be used to ascertain the minimum 
permissible safe conductor size. These ensure that, when used at rated current flow, 
the cable does not overheat dangerously but this does not give the optimum size for 
the lowest cost over the life of the cable, nor even over a stipulated payback period. 
Cable sizes should be specified larger than the IEE Regulation minimum for 
any combination of a variety of reasons, including: 
1) Allowing cables to run cooler and save energy; 
2) Standard fuse rating requiring larger cable for safety in overload conditions; 
3) Allowing for future expansion in demand. 
In assessing the cost of the installation, many factors have to be considered 
such as the rating, purchasing costs, installation costs, cost of losses, maintenance 
costs, future cost of energy, etc.  
The increasing cost of energy, together with the high energy losses which 
follow from the operating temperatures possible with the newer insulating materials, 
requires that the size selection be considered on wider economic grounds. Rather 
than minimising the initial cost only, the sum of the initial cost and cost of the 
losses over the economic life of the cable should also be minimised. For this latter 
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condition a larger size of conductor would be chosen. This will lead to lower power 
loss for the same current and will, when considered over economic life, be less 
expensive. 
 
The minimum life-cycle cost model, leading to the analytical formulation of 
the optimal capacity of conductors adopted in this research, is explained. It follows 
the requirements laid down in the British standard BS 7450, entitled “Determination 
of economic optimisation of power cable size” which is an implementation of 
CENELEC HD 558 S1 dealing with the economic selection of conductor size based 
on joule losses. 
Optimal capacity of cables and overhead lines for pure transport of 
electricity is determined by trading off the annual cost of losses (CLi) and annuitised 
variable capital cost (CCi). 
 
Annual cost of losses includes: 
i)  cost of energy losses made in the distribution network; 
ii)  component of transmission capacity charge associated with power losses in 
the distribution network. 
 
Cost of energy losses is calculated for each half hour, while, in case of the UK 
practice, the component of transmission capacity charge is based on the triad peak. 
Annual cost of losses attributable to each circuit i is, therefore, calculated as: 
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where: 
CLi total annual cost of losses for circuit i [£/year]  
Ri resistance of the circuit i  [Ω];  
TC payment for capacity of the transmission system, based on the triad 
peak 



MW
£
  
Ii(t) current in [A] in circuit i in time period t; in the UK this time period is ½ h  
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Ttc triad time periods [½ h], tc = 1, 2, 3; these times are related to the triad 
peaks in the transmission system  
ep(t) energy price in time period t 



MWh
£
  
 
In the present case, as low voltage line is designed, the part of losses defined 
by triad peak is neglected. The total annual cost of losses is calculated as: 
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The current-carrying capacity (
icap
I ) is a function of its cross-section area 
(Ai) of circuit i and can be expressed as: 
βα icap AI i ⋅=                                                                      (5-3) 
where coefficients α 



⋅β2mm
A
 and β [p.u.] can be determined from available data 
using least square estimation technique for each individual circuit type and voltage 
level. 
The resistance of the circuit is inversely proportional to its cross-section area. 
Since, 
i
ii
i A
LR ⋅= ρ                                                                                                                                      (5-4) 
where iρ is the resistivity (Ω/km) of the circuit material and Li the length of the 
circuit (km). The annual cost of losses (5-2) can be expressed as a function of 
current-carrying capacity: 
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where ep(t) is the energy price in time period of one hour. 
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On the other hand, the capital cost of each circuit includes two components: 
fixed cost (independent from the circuit current-carrying capacity) and variable cost. 
The variable cost includes not only cost of conductor but also other costs related 
with the size of the circuit considered. Clearly, for designing circuit current-carrying 
capacity of distribution circuits, fixed cost are irrelevant.  
The annuitised variable capital cost of each circuit can be found as the 
product of the annuitised incremental circuit investment cost (Ki), circuit current-
carrying capacity (
icap
I ), and circuit length (Li): 
 
DLIKCC icapii i +⋅⋅=                   (5-6) 
 
where: 
CCi annuitised capital cost for circuit i [£/year]  
Ki annuitised incremental investment cost for circuit i 





yearkm,A,
£
 
icap
I   current-carrying capacity of circuit i [A]  
Li length of circuit i [km] 
D coefficient that defines fixed capital cost of a circuit i [£/year] 
 
In order to determine the optimal capacities of the circuit (
icap
I ), the sum of 
the annual cost of losses and the annuitised variable capital cost for the circuit has to 
be minimised: 
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In case of overhead line there is one more component that has to be included 
in annual cost of each overhead line and that is annual maintenance cost. For the 
cable, this component is neglected. 
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The optimal circuit current-carrying capacity can be found: 
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and it is calculated as:  
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Solution 5-9 gives the minimum of the total of the annual cost of losses and 
the annuitised variable capital cost. However, the installation, routing or civil work 
costs are not included in the equation although they assume a preponderant role on 
the final cost of underground cables and overhead lines. This expression should be 
used for determining the optimal design capacity of distribution cables and 
overhead lines required for the given circuit loading. It reflects the essence of the 
circuit design problem, which is about balancing the annuitised circuit capital cost 
and annual cost of losses. It can be observed that the term involving the annual cost 
of losses is in the numerator while the circuit cost is in the denominator in equation 
5-9. Clearly, the larger the cost of losses, the larger the optimal conductor size; and 
the larger the capital cost, the smaller the optimal size, as expected. However, it is 
important to emphasise that the relationship between these quantities and the 
optimal conductor size is strongly non-linear.  
 
This capacity is optimal with respect to the pure transport of electricity as it 
ignores security requirements, and hence represents the lowest capacity in the 
overall circuit design. 
In order to include security requirements into investigation, optimal 
utilisation of distribution circuits which is determined as the ratio of maximum 
annual current (
i
Imax ) and optimal circuit capacity ( optcapiI ): 
%100max ⋅=
opt
cap
opt
i
i
i
I
I
u                                                                (5-10) 
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If security requirements are to be met, the value of calculated optimal circuit 
capacity should be higher than the value of maximum expected current throughout 
the conductor. In other words, the value of optimal utilisation must be under (or 
equal) 100%. 
 
Preliminary results in the form of the optimal circuit utilisation are presented 
in Table 5.1, for different voltage levels in the UK assuming an interest rate of 7% 
over a 20 year time horizon, and using domestic unrestricted load profiles. 
 
Table 5.1 – Optimal utilisation of distribution underground cables and overhead lines in the UK 
Optimal loading (%) 
Voltage level 
Cable Overhead line 
0.4V 15-30  10-15 
11kV 20-40  13-20 
33kV 30-50  17-25 
132kV 75-100  30-50 
 
 
The results of Table 5.1 indicate that the optimal utilisation of distribution 
circuits must be fairly low, particularly at low voltage levels. Furthermore, the 
optimal design of the circuits with cost of losses being taken into account is likely to 
meet the security requirements driven by the minimum design recommendations 
P2/6 at no additional costs in a large proportion of the system. A further analysis 
indicates that these results are a combination of two effects: (i) relatively large cost 
of losses, due to the coincidence of high electricity price with high demand, and (ii) 
significant fall in price of cables and overhead lines due to the maturity of 
technology and the increase in competition in manufacturing this equipment. 
 
Examples of the lengths of overhead lines and sizes used per km2 and their 
average utilisations for typical rural load densities are given in Table 5.2. 
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Table 5.2 – Average overhead line sizes lengths and their average utilisations 
Line 
length 
(km/km2)
Average 
utilisation 
(%)              
Line 
length 
(km/km2)
Average 
utilisation 
(%)              
Line 
length 
(km/km2)
Average 
utilisation 
(%)              
Line 
length 
(km/km2)
Average 
utilisation 
(%)              
Length 1.54 - 3.09 - 4.89 - 6.90 -
35 mm2 0.08 5.63 0.34 5.60 0.80 5.62 1.44 5.64
95 mm2 1.46 9.40 2.76 13.41 4.16 14.53 5.49 15.37
185 mm2 0.01 41.37 0.05 39.48 0.11 38.15 0.43 34.88
300 mm2 0.00 47.16 0.01 46.42 0.02 44.51 0.07 42.51
1 MVA/km2
OH lines
0.05 MVA/km2 0.2 MVA/km2 0.5 MVA/km2
 
 
From the table it can be seen that as load density increases, the length of 
lines and different cross-section used per km2 to serve given consumer positions 
increases. Average utilisation values for given conductor size have almost the same 
value. However, as consumers in areas with higher load densities need to be served 
with fewer substations per km2, the values of optimal current through lines increase 
and there should be used larger conductor sizes. Also, the maximum short-circuit 
current constraint tends to increase usage of overhead lines with higher cross-
section and as a consequence reduce their utilisation. 
 
The lengths of trenches and underground cable sizes used per km2 and their 
average utilisations for some typical load densities are given in Table 5.3. 
 
Table 5.3 – Average cable sizes lengths and their average utilisations 
Cable 
length 
(km/km2)
Average 
utilisation 
(%)              
Cable 
length 
(km/km2)
Average 
utilisation 
(%)              
Cable 
length 
(km/km2)
Average 
utilisation 
(%)              
Cable 
length 
(km/km2)
Average 
utilisation 
(%)              
Cable 
length 
(km/km2)
Average 
utilisation 
(%)              
Tranches 12.34 - 21.37 - 27.59 - 39.02 - 84.20 -
35 mm2 1.17 6.05 3.32 6.17 5.24 6.20 9.36 6.29 0.00 6.37
95 mm2 9.13 10.01 10.77 10.65 11.39 11.00 12.98 11.49 31.84 14.14
185 mm2 1.85 44.77 6.07 32.32 8.73 26.76 14.44 22.38 9.51 15.90
300 mm2 0.50 46.65 4.88 45.12 10.31 43.63 14.36 41.09 46.98 36.44
10 MVA/km2 50 MVA/km2
Cables
1 MVA/km2 3 MVA/km2 5 MVA/km2
 
 
From the table above it can be seen that as the load density increases, the 
length of trenches and cables per km2 to serve a given consumer positions increases. 
Also, the maximum short-circuit current constraint tends to increase usage of cables 
with larger cross-section. 
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5.2.2. Optimal design of distribution transformers 
 
Transformers are electromagnetic devices used to transform electric power 
between voltage levels. Essentially, they consist of a magnetic core encircled by 
conducting windings, and their functionality is based on coupled electric and 
magnetic fields. The transformer is one of the most efficient of electrical machines, 
with efficiencies typically above 98%. Even so, the cost of losses is an important 
factor in selecting and specifying transformers. Because it is quite possible for the 
future cost of losses to overwhelm the investment cost of a transformer, the 
purchasing decision requires the right balance between capital cost and the cost of 
future losses during life time. Furthermore, overall losses in the network due to 
transformers can be considerable with (De Keulenauer, H., et al., 1999) stating that 
losses due to transformers in a power network could exceed 3% of the total 
electricity generated, equivalent to about 40% of the total loss from the system. 
 
The same kind of approach using minimum life-cycle cost can be used for 
choosing the optimal size of a transformer. However, for a transformer operating at 
constant voltage and frequency, the losses can be divided into two components, 
usually described as no-load losses and load losses.  
No-load losses result from energising the iron-core 24 hours a day, 365 days 
a year when a voltage is applied to the transformer regardless of the loading on the 
transformer. These are incurred whenever the transformer is coupled to the network, 
even if no power is being drawn. They result from the hysteresis and eddy-current 
losses in the iron core, which depend on the type of steel used to fabricate the core 
laminations. It can be assumed that these losses are independent of the load current 
passing through the transformer, but increase with increasing the voltage.  
Hysteresis losses occur in the core laminations and are caused by molecules 
resisting being magnetized and demagnetised by an alternating magnetic field. They 
can be reduced by changing the amount or type of iron: amorphous steel cores result 
in a random configuration of molecules causing a significant reduction in hysteresis 
losses. 
Eddy current losses are caused by the current induced in the iron by the 
alternating magnetic field. As the magnetic flux changes with the alternating current 
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in the coil, a current is induced in the iron that flows at right angles to the magnetic 
flux. The eddy current flow in the iron core causes I2R losses that produce increased 
heat. Building the core with thin laminated sheets reduces the eddy current losses. 
It has been suggested that between 1/4 and 1/3 of technical losses on 
distribution network are fixed (Ofgem, 2003). The level of fixed losses in a 
transformer is largely dependent on the quality of the raw material in the core. 
Transformers with more expensive core materials, such as special steel or 
amorphous iron cores, incur lower fixed losses. There is again trade-off between 
capital expenditure and cost of losses.  
 
Load losses, sometimes called copper or winding losses, vary according to 
the loading of the transformer. They consist of the joule losses in the conductors 
caused by the load current in the primary and secondary windings. Once the load 
losses (LL) at rated power are known – load losses occurring when the transformer 
is loaded at its rating (Prated) – and if the load in the transformer (Pt) and its power 
factor (cos φ) are known for each hour t of the year, the total annual losses (Ptotal) in 
MWh are given by the equation below: 
∑
=



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
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×
×=
8760
1
2
cost rated
t
total P
PLLP φ               (5-11) 
 
If one wants to reduce the copper losses, only the resistances of the primary 
and/or secondary coils can be changed. The resistance can first be reduced by using 
a material with a lower resistance per cross-sectional area (copper has been found to 
be a better conductor than aluminium in terms of weight, size, and resistance). Other 
than changing the conductor material, a transformer designer can only reduce I2R 
losses if the cross-sectional area of the conductor is increased or if the length of the 
conductor is reduced. However, trying to reduce load losses at rated power tends to 
increase the no-load losses at rated power and vice versa (Kennedy, B. W., 1997).  
 
As with cables and overhead lines, the ideal design objective for 
transformers is to minimise the sum of the cost of investment and cost of energy 
losses. The difference lies in the fact that the cost of losses is composed of two 
conflicting parts: cost of load losses and cost of no-load losses. The general rule 
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employed to have an efficient transformer is ensure that the no-load losses and the 
load losses are equal (Merritt, S., et al., 2003); however, this rule is based on pure 
electrical efficiency of transformers without taking any cost into account. 
British Standards BS 7821, which is an implementation of CENELEC HD 
428.1, lay down values of no-load losses and load losses at rated power for 
distribution transformers, with capacities between 50kVA and 2,500kVA. BS 7821 
allows a choice of energy-efficient levels represented by different letters. Loss 
values for transformers are usually declared as maximum values with a specified 
tolerance. BS 7821 therefore allows utilities to choose between three levels of no-
load losses and three levels of load losses. 
 
Figure 5.2 draws the optimal load losses and no-load losses at rated power 
for a 400kVA transformer for different loading conditions. Increasing the 
transformer’s maximum loading (ratio between maximum power carried by the 
transformer and the transformer’s capacity) from 50% to 100% requires the load 
losses at rated power to be reduced by 57% while the no-load losses at rated power 
are increased by 64%. The incremental change is higher for the no-load losses as it 
has less impact on the investment cost of the transformer, as explained before. 
 
 
Figure 5.2 – Optimal load and no-load losses at rated power for different loading of a 400kVA 
transformer (Grenard, S., 2005) 
 
Chapter 5 – Network Optimisation - Minimum Life-Cycle Cost 
117 
 
 
Minimum life-cycle cost method can be used for choosing the optimal size 
of a transformer. Cost of losses in a transformer consists of two components: cost of 
variable and cost of fixed losses, as is given by equation: 
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where: CLCui - total annual cost of variable losses for transformer i [£/year] 
CLFei - total annual cost of fixed losses for transformer i [£/year] 
PFei – fixed losses for transformer i [MW] 
 
Although variable cost can be expressed as a function of the transformer 
current-carrying capacity, that is not the case with fixed losses and transformer 
capital cost. Due to this fact, here is applied a discrete optimisation. As energy price 
is already known for each hour during a one year period, from the load flow 
calculations the current through transformer Ii(t) is calculated for each hour, and for 
each characteristic transformer size, the total annuitised cost is found (the annuitised 
variable capital cost and the sum of the annual cost of losses in a transformer). If the 
constraint that )(
8760
1
tIMax i
t =
 is greater than the rated transformer current is satisfied, the 
transformer with the minimum value of total annuitised cost is chosen as an optimal 
one. 
 
 
5.3. Time series load flow 
 
To optimise the size of each piece of equipment in the network using 
minimum life-cycle cost method, it is essential to know the value of current flowing 
through it in each period of time considered. The annual cost of losses needs to be 
assessed so that each component of the system can be optimised. As already 
explained, it may be more cost effective to use larger cross-section conductors 
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which are more expensive in terms of material cost, but less expensive in the long 
run when the cost of losses is considered. 
A load flow calculation gives the snapshot of what is happening in the 
system at one moment. The final solution which includes voltages and currents 
varies with changes in the load. Since consumer’s load changes very frequently, 
many load flow calculations will need to be performed so that the optimal 
characteristic of each network component could be later determined. To perform the 
time series load flows it is necessary to repeat the load for each of the 17520 half-
hours during the simulation. Therefore it is required for the load flow to have high 
performances and computation speed. 
The network load flow calculation represents the main part in the 
optimisation of cables and transformers. During the load flow calculations, which 
are performed half-hourly across one year, the network configuration is always the 
same. The fact that in radial systems the flow in the branches is almost entirely 
dependent upon the loads connected at the terminals of these branches regardless of 
the characteristic of the network branches is taken into consideration. Therefore, all 
the electrical parameters of network components, such as connection between nodes, 
conductors’ and transformers’ impedances, normally open points etc., are kept 
constant. The values of consumers’ loads are the only parameters that change from 
one period of time to another, i.e. from one load flow calculation to the next one.  
The data of the commonly used underground cables, overhead lines and 
transformer types, which are currently available for distribution designs, as well as 
eight different types of consumers’ daily load curves with individual profiles for the 
domestic consumers, are generated by the software tool. In addition to the previous 
parameters, there is a need for other electrical parameters that will be used as an 
input for load flow program. Values such as the nominal phase voltage are 
incorporated in the main Visual Basic program.  
After performing a series of load flow calculations, the value of current 
through each piece of equipment in the network is known for each half-hour during 
one year period, so it is now possible to employ a minimum life-cycle cost 
optimisation. 
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5.4. Fault level analysis 
 
Following the optimisation of cable and transformer sizes throughout the 
network, it is necessary to determine the maximum admissible fault current for 
every circuit element. Fault level studies will not only enable the operation of the 
various protection systems to be assessed for different fault condition (Lakervi, E., 
et al., 1995), but are also necessary in order to find if permitted short-circuit current 
of the installed equipment is higher than expected short-circuit current on any part 
of examined piece of equipment. 
The overall principle in carrying out short-circuit current is given in (IEC 
Standard, 1986). For short-circuit calculations in radially operated systems it is only 
necessary to obtain the path from the infeed point to the fault position. The three-
phase fault current can be simply calculated from: 
∑
=
k
n
f Z
cU
I                               (5-13) 
where: c – voltage factor which value for LV system is 1.05; 
Un – rated phase-earth voltage; 
∑ Zk – total impedance between the feeding point and the fault node 
including the effect of impedances at the higher voltage levels, 
referred to Un. 
 
The maximum three-phase fault is essential for checking the capability of 
cables, overhead lines and other equipment to withstand the fault current. In the 
developed algorithm, the maximum short-circuit current is calculated for each node 
starting from the infeed node at 0.4kV busbar of each substation. The value of this 
current must be lower than the permitted short-circuit current of any of the feeders 
connected to that node. If this is not the case, the line that does not satisfy this 
condition should be replaced by one with a higher cross-section having a higher 
permitted short-circuit current. Moving downwards through the network (from 
infeed point to the consumers) the process is repeated using the equation 5-14, until 
all lines are examined and their fault currents evaluated. 
∑∑ ++
==
linesTransfHV
n
k
n
f ZZZ
cU
Z
cU
I               (5-14) 
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where: ZHV – impedances at the higher voltage levels, referred to Un 
 ZTransf – impedance of the infeed transformer 11/0.4kV 
∑Zlines – the sum of line impedances between the 0.4kV busbar of infeed 
transformer and the fault node 
 
In a schematic representation, the flow chart of the described algorithm is 
illustrated in Figure 5.3. 
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INITIALISATION OF HV
SYSTEM IMPEDANCE
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Figure 5.3 – Flow chart for determining cable size depending on short-circuit current 
 
The cable permitted short-circuit currents are given in Table 5.4, while more 
details about the short-circuit characteristics of the distribution network in the UK 
and the estimation of the three-phase maximum prospective short-circuit current 
could be found in (ER P25/1, 1996) and (ER P26, 1986). 
Chapter 5 – Network Optimisation - Minimum Life-Cycle Cost 
121 
 
 
Table 5.4 – Cable  short-circuit current ratings 
Cable BS
Adiabatic
type size 1s Rating
mm² kA
1c 0.6/1.0kV SAC XLPE CNE Cu PVC BS7870-3.11 SAC 35 3.3
3c 0.6/1.0kV SAC XLPE Waveform Cu PVC BS7870-3.40 SAC 95 8.9
185 17.4
300 28.3
1c 11kV SAC XLPE CWS MDPE BS7870-4.10 SAC 95 8.9
185 17.4
300 28.3
Conductor (90-250°C)
 
 
 
5.5. Voltage drop check 
 
The electricity distribution system is designed to meet customers’ demand 
while criteria on service quality and standards must be met at all times. The 
responsibility of a distribution network operator is outlined in both the Grid Code 
and Distribution Code.   
The voltage level at any consumer node should be within a specified margin 
with respect to the nominal voltage of the network. Examining the solution reached 
using previously described optimal design method will show whether the voltage 
limits are met or circuits overloaded. For each half-hour of the year, the calculation 
of voltage drop (or voltage rise if high DG capacity is connected to the network) is 
performed between both ends of each feeder. This assessment of voltage profile is 
very important for designing the system: too high voltage drop requires the 
installation of a feeder with lower impedance. 
The current limits are between a minimum value which is equal to zero and 
a maximum value equal to the maximum flow allowed according to the thermal 
specification of the conductor size used for design. Additionally, the limits of the 
voltage level at the entry node of each consumer premises should be observed in 
order to meet the voltage requirements. 
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Many factors influence the voltage drop: the number and demand of 
consumers, their power factor, network characteristics and length, etc. Voltage 
regulation is achieved partly by automatic voltage regulator at the 33/11kV 
substations. However, 11/0.4kV transformers do not have automatic voltage control, 
i.e., work with fixed taps which operate at the given off-nominal turns ratio and 
remain fixed unless manually changed in off-load state.  
In January 1995 the UK voltage limits were harmonised with European 
limits. At LV these limits are now 230 %10%6
+
−
V  rather than the previous 240 
%6
%6
+
−
V (The Electricity Supply Regulation (Amendment No.2), 1994). 
Load flows should ideally consider all possible loading conditions, but 
particular consideration must be given to the worst case scenario of operation, i.e. 
maximum and minimum load. In the developed tool, it is assumed that voltage on 
11kV busbar of 11/0.4kV transformer is fixed on the maximum permitted value if 
no DG is considered during planning. Depending on the inclusion of DG, if the 
simulation is performed in more than one voltage level and no DG is connected, 
voltage in the secondary busbar of the primary transformer is fixed on its maximum 
permitted value. If DG is including in the network planning steps, then this limits is 
kept at 1 p.u. so that some flexibility is included for voltage rise. This issue will be 
further discussed in Chapter 7. 
The series of load flow calculations are performed in an optimised system in 
order to find the maximum voltage drop. In these load flow calculations the value of 
all consumer demand is increased by 5% simulating possible load growth in the 
future, or a possible critical situation that could happen. The values of voltage at 
each consumer node are calculated and the minimum value of each consumer 
voltage is found. A critical consumer with a maximum value of voltage drop is 
determined and if the value of that voltage exceeds the permitted voltage drop, an 
obtained solution for optimal network design is rejected. 
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5.6. Equipment data used 
 
5.6.1. Conductors 
 
Different transformer and conductor economical and electrical 
characteristics are needed in order to find the optimal design of the region. The 
details of the equipment used are presented in Table 5.5 to Table 5.10 for 
conductors and Table 5.11 to Table 5.13 for substations. The data is chosen from a 
set of standard available equipment (Green, J.P., et al., 1999), so therefore the cost, 
capacity and impedance of the equipment in the design are realistic rather than 
theoretical. When calculating the annuity of equipment cost, a period of 20 years 
has been used with an interest rate of 7%. The annuity calculation is used to give the 
payment for each year of the review period which can be compared with the cost of 
losses, also calculated on a yearly basis by multiplying the losses occurring at each 
half-hour in the network by the corresponding energy price of electricity. 
 
Consumers are all interconnected by a radial network as previously 
explained in Chapter 2. When finding the size of conductor to use to establish 
connection between links, each individual point is considered in turn. This means 
that a technique of tapering the cables and lines is used. Once the optimal current of 
each link is known, the line is chosen with a current-caring capacity immediately 
higher to the value of optimal current. Line segments closer to the sources carry 
greater load than segments towards the end of the feeder since LV system are 
operated radially. As previously mentioned, the utilization of conductors chosen 
with a minimum life-cycle cost methodology is very low, which means that the 
value of optimal current for circuit can be very high, especially the one closer to the 
substations. On the other side, by using the developed tool a substation is usually 
sited at T-point, the number of feeders exiting a substation is limited to a maximum 
of three. In reality, it is current practice to have up to 12 feeders leaving one 
substation. This means that it is possible to use two or more feeders of the same 
cross-section in the same path that carry equal current. The values used to represent 
two or three available conductors and their parameters are also given in Table 5.5 to 
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Table 5.10. In the case that a conductor with an even higher permitted current is 
needed, four or even more conductors of 300 mm2 size can be used. 
Moreover, end consumers are served with service cables, wherever possible. 
Due to the voltage drop constraints, the length of service cable is limited to a 
maximum of 20 meters.  
 
Table 5.5 – Characteristics for 400V cables 
Number Type Size (mm2) Capacity 
(A)
R 
(ohm/km)
X 
(ohm/km)
Cost    per 
km (£)
Maintenan. cost 
(£/km*year)
1 UG 0.4 kV 25 90 1,2000 0,8139 1.650 0
2 35 110 0,8680 0,5765 2.025 0
3 95 220 0,3200 0,0690 10.500 0
4 185 320 0,1640 0,0685 18.000 0
5 300 420 0,1000 0,0675 25.500 0
6 (0.9) 2x185 576 0,0820 0,0343 36.000 0
7 (0.9) 2x300 756 0,0500 0,0338 51.000 0
8 (0.85) 3x300 1071 0,0333 0,0225 76.500 0
 
 
Table 5.6 – Characteristics for 400V overhead lines 
Number Type Size (mm2) Capacity 
(A)
R 
(ohm/km)
X 
(ohm/km)
Cost    per 
km (£)
Maintenan. cost 
(£/km*year)
1 OH 0.4 kV 25 90 1,2000 0,0850 8.100 144
2 35 125 0,8680 0,0840 9.000 180
3 95 255 0,3200 0,2900 10.500 300
4 185 420 0,1640 0,2800 19.200 330
5 300 590 0,1000 0,2760 25.500 360
6 (0.9) 2x185 756 0,0820 0,1400 38.400 600
7 (0.9) 2x300 1062 0,0500 0,1380 51.000 660
8 (0.85) 3x300 1505 0,0333 0,0920 76.500 840
 
 
The costs of installation associated with civil works of underground cables is 
£120,000, and for overhead line £30,000 per km. These are typical values calculated 
on the basis of data given in (Engineering Recommendation P21/5, 1988). 
 
Cables and overhead lines data used as the available equipment at 11kV for 
the simulations are given in Table 5.7 and Table 5.8 respectively. 
 
Table 5.7 – Characteristics for 11kV cables 
Number Type Size (mm2) Capacity 
(A)
R 
(ohm/km)
X 
(ohm/km)
Cost    per 
km (£)
Maintenan. cost 
(£/km*year)
1 UG 11 kV 95 180 0,3200 0,0870 18.000 0
2 185 270 0,1640 0,0800 24.000 0
3 300 370 0,1000 0,0770 30.000 0
4 (0.9) 2x185 486 0,0820 0,0400 48.000 0
5 (0.9) 2x300 666 0,0500 0,0385 60.000 0
6 (0.85) 3x300 943 0,0333 0,0257 90.000 0
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Table 5.8 – Characteristics for 11kV overhead lines 
Number Type Size (mm2) Capacity 
(A)
R 
(ohm/km)
X 
(ohm/km)
Cost    per 
km (£)
Maintenan. cost 
(£/km*year)
1 OH 11 kV 95 255 0,3200 0,3565 12.000 450
2 185 420 0,1640 0,3030 19.800 540
3 300 590 0,1000 0,2850 25.800 660
4 (0.9) 2x185 756 0,0820 0,1515 39.600 1.080
5 (0.9) 2x300 1062 0,0500 0,1425 51.600 1.260
6 (0.85) 3x300 1505 0,0333 0,0950 77.400 1.680
 
 
The cost of civil work for installation of 11kV underground cables is 
£120,000, and for 11kV overhead line £35,000 per km.  
 
Cables and overhead lines data used as the available equipment at 33kV for 
the simulations are given in Table 5.9 and Table 5.10 respectively. 
 
Table 5.9 – Characteristics for 33kV cables 
Number Type Size (mm2) Capacity 
(A)
R 
(ohm/km)
X 
(ohm/km)
Cost    per 
km (£)
Maintenan. cost 
(£/km*year)
1 UG 33 kV 95 180 0,3200 0,1088 27.000 0
2 185 270 0,1640 0,1000 36.000 0
3 300 370 0,1000 0,0963 45.000 0
4 (0.9) 2x185 486 0,0820 0,0500 72.000 0
5 (0.9) 2x300 666 0,0500 0,0481 90.000 0
6 (0.85) 3x300 943 0,0333 0,0321 135.000 0
 
 
Table 5.10 – Characteristics for 33kV overhead lines 
Number Type Size (mm2) Capacity 
(A)
R 
(ohm/km)
X 
(ohm/km)
Cost    per 
km (£)
Maintenan. cost 
(£/km*year)
1 OH 33 kV 95 255 0,3200 0,400 18.000 675
2 185 420 0,1640 0,360 29.700 810
3 300 590 0,1000 0,340 38.700 990
4 (0.9) 2x185 756 0,0820 0,280 59.400 1.620
5 (0.9) 2x300 1062 0,0500 0,210 77.400 1.890
6 (0.85) 3x300 1505 0,0333 0,1850 116.100 2.520
 
 
The installation cost of 33kV underground cables is £120,000, and £40,000 
per km for 33kV overhead lines. 
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5.6.2. Substations 
 
The approach to select the substations to be installed includes many 
parameters to be considered such as the transformer capacity, cost of fixed losses, 
variable losses, the cost of civil works and other standard substation equipment 
(circuit breakers, switches, fuses, etc.). 
Indoor substations are more frequently used in urban areas whereas outdoor 
substations are more adequate to rural systems. The civil works and the installation 
for indoor substations are considerably more expensive than for outdoor substations. 
Pole mounted transformers are a very cost effective solution as the cost of civil 
works is significantly reduced. The cost of the indoor civil works is approximately 5 
times the cost of outdoor civil works (for higher transformer sizes it is around 2 
times, while for smaller substations, where pole mounted transformers can be used, 
it could reach 17 times) as shown in Table 5.11, Table 5.12 and Table 5.13. 
 Although it would be more effective to use outdoor substations, due to the 
environmental constraints and planning permissions, in densely populated areas 
indoor substations are used. The choice of indoor or outdoor substation is made on 
the basis of type of area that should be supplied. As with underground cables and 
overhead lines, the indoor substations are used in case of urban networks, while 
outdoor substations are used in rural area networks. 
It should be noted that costs of substations in the case of transformer sizes 
greater than 1000kVA is much higher than for the lower transformer sizes. 
Engineering Recommendation P2/6 establishes outage and security of supply rules 
resulting in the necessity to install two transformers, where one of them is used as a 
reserve, in the cases of transformer sizes higher than 1000kVA.  
There is usually no back-up for failure of an 11/0.4kV transformer. For the 
range of group up to 1 MW, the recommendation is that after a first circuit outage 
the demand is supplied within the repair time. The security of supply standard 
recommend that the group demand between 1MW and 12MW, group demand minus  
1MW is met within 3 hours and total group demand is met in repair time. To meet 
this requirement it is common practice to use two transformers in each 33/11kV and 
132/33kV substations. One is only there to be used as a back-up if the first one fails 
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or in undergoing maintenance. This makes the total difference in cost even more 
insignificant, especially in the cases of indoor substations. 
 
Table 5.11 – Characteristics for 11/0.4kV transformers and substations 
Capacity 
(kVA)
Capacity 
(A)
Zk            
(%)
Pcu           
(W)
Pfe          
(W)
Cost of 
transfor.   (£)
INDOOR Substation 
costs (£)
OUTDOOR 
Substation costs (£)
50 68,73 4,5 1180 165 4722 51678 3000
100 137,46 4,75 2000 277 5286 52116 3600
200 274,93 4,75 3400 480 6966 52992 3900
315 433,01 4,75 4800 700 9411 54000 30000
500 687,32 4,75 6860 1030 11004 55620 31500
630 866,03 4,75 8150 1230 12960 56760 32100
1000 1374,64 4,75 11800 1770 13716 60000 33300
1250 1718,30 5 14200 1900 17268 99510 53760
1500 2061,97 5 17930 2000 20364 103020 54240
1600 2199,43 5 18600 2100 25071 104400 54720
1750 2405,63 5,5 19700 2200 27009 106500 55200
2000 2749,29 5,5 21100 2700 28137 110025 56160
2500 3436,61 6,6 26200 3100 44433 117000 57600
 
 
Table 5.12 – Characteristics for 33/11kV transformers and substations 
Capacity 
(kVA)
Capacity 
(A)
Zk            
(%)
Pcu           
(W)
Pfe          
(W)
Cost of 
transfor.   (£)
INDOOR Substation 
costs (£)
OUTDOOR 
Substation costs (£)
5000 251,02 10 53472 5720 90909 360600 121500
7500 376,53 12 77282 6664 133977 405000 144000
10000 502,04 14 106135 7668 176988 438000 165000
15000 753,07 16 152520 8600 260100 495300 213300
24000 1204,90 24 209740 9680 404430 577560 281760
32000 1606,54 27 342520 10100 479649 637200 330000
40000 2008,17 32 403180 11400 563100 677370 390000
60000 3012,26 38 604670 13200 640500 795000 465000
 
 
Table 5.13 – Characteristics for 132/33kV transformers and substations 
Capacity 
(kVA)
Capacity 
(A)
Zk            
(%)
Pcu           
(W)
Pfe          
(W)
Cost of 
transfor.   (£)
INDOOR Substation 
costs (£)
OUTDOOR 
Substation costs (£)
30000 1574,59 25 295000 10000 530000 1100000 550000
45000 2361,89 34 505000 12000 610000 1260000 630000
60000 3149,18 38 604670 13200 750000 1420000 710000
90000 4723,77 40 835000 15000 930000 1640000 820000
120000 6298,37 45 1156600 18000 1160000 2100000 1050000
 
 
 
5.7. Conclusions 
 
The present replacement policies for distribution circuits, as well as 
construction of new circuits, are primarily concerned with cost of investment, while 
the cost of losses tends not to be given adequate consideration. Incentives to take 
cost of losses into consideration through the current price controls do not adequately 
encourage implementation of minimum life-cycle cost circuits in distribution 
systems. A minimum life-cycle cost methodology that balances the capital 
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investment against the cost of the system losses was explained. A comprehensive 
analysis is performed to calculate the optimal utilisation of distribution circuits for a 
variety of types and sizes of overhead lines, including bare and covered conductors, 
and cable circuits, for variety of insulation types and conductor arrangements, at LV, 
11kV and 33kV voltage levels.  
Case studies carried out for cables, overhead lines and distribution 
transformers show clearly that investing in energy-efficient equipment rather than 
investing in low first cost equipment would decrease their life-cycle cost. The 
results of the calculations show that the optimal utilisation is very low as a result of 
the combination of two effects: (i) the relatively large cost of losses, because of the 
coincidence of high electricity prices with high demand, and (ii) the relative fall in 
price of cables and overhead lines due to maturity of technology and increase in 
competition in manufacturing of this equipment. Furthermore, the results show that 
the security requirements in the majority of the network could be met at no 
additional cost. 
The concept of loss inclusive distribution network design is applied to a 
large generic distribution system, which includes relevant characteristics of a real 
multi voltage level mixed urban and rural distribution system with associated annual 
demand profiles and realistic combinations of domestic, industrial and commercial 
customers. This analysis confirmed that conclusions are valid for a wide variation in 
relevant design parameters. 
The results suggest that losses are important for the overall efficiency of 
electricity distribution and can impact on the long term electricity prices. Therefore, 
in order to design an efficient distribution network in the UK which would minimise 
total costs in the long-term, the financial incentives set up by Ofgem in its 
distribution price control on capex allowance and losses should be based on the 
development of the economically adapted network resulting from the findings 
presented in this chapter. 
However, power quality and reliability issues were not included on the life-
cycle cost analysis although they are an important mater to take into consideration 
when optimising electrical systems. 
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6. CHAPTER 
 
 
 
STRATEGIC PLANNING OF 
MULTI VOLTAGE LEVEL 
DISTRIBUTION NETWORKS 
6.  
6.1. Overview 
 
 The optimum planning of power distribution networks is one major research 
areas for electrical engineers. The close proximity of these networks to the final 
consumer and their great length and complexity has an immediate consequence on 
the increased capital investment and increased operational costs because of their 
losses. The optimum plan for distribution network can be found when these 
networks satisfy the growing demand for electricity, fulfil the technical operational 
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constraints and, also, are characterised by the minimum overall cost (investment and 
operational cost). 
 
 It is possible to find some articles dealing with proper conductor size 
selection. The authors in (Kim, W. G., et al., 1982) point out that the main criterion 
for the conductor selection for a distribution system with a load growth dependent 
on time must be the cost of losses rather than the conductor thermal capacity. Given 
in (Ponnavaikko, M., et al., 1981) and (Ponnavaikko, M., et al., 1982), is a 
mathematical model for the selection of conductor size for a feeder with economical 
criteria, taking into account the thermal capacity constraint for acceptable voltage 
profile along the entire feeder. In (Ponnavaikko, M., et al., 1981) the load is taken 
as a constant with time and uniformly distributed along the feeder, while in 
(Ponnavaikko, M., et al., 1982) a constant mean annual growth is considered for the 
load, which is concentrated at specific locations of a feeder without lateral branches. 
In (Tram, H. N., et al., 1988), which is an extension of the above mentioned 
reference, the laterals are introduced on the network model and the network is 
considered to have a tree like structure. Taking into account a constant load, aims at 
the optimal total annual cost and fulfils a number of technical constraints such as 
conductor tapering, conductor thermal capacity and acceptable voltage profile 
across the network. 
 In order to achieve the closest possible proximity to technically optimum 
form which these networks would have had if adequately planned from the 
beginning, the techno-economical optimisation of operating distribution networks 
was attempted (Salis, G., et al., 1994) and (Salis, G., et al., 1995). These same 
authors also propose an algorithm for the techno-economically optimum long-term 
planning of a radial power distribution network with cable replacement considering 
constant annual load growth. 
 
 All this literature suggests optimum planning or replacement strategies for 
radial networks using different technical or economical criteria. All these concepts 
are valid and were applied in some way to the model developed on this thesis. 
However, new questions arise when we approach networks with multiple voltage 
levels.  
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 After World War II, the British electricity supply industry expanded 
significantly to support economic development. A variety of different distribution 
network designs, planning and expansion philosophies were adopted in different 
regions. These range from fully radial systems to networks that operate meshed at 
various voltage levels. Radial networks are comprised of 132kV, (66kV) 33kV, 
(20kV) 11kV (6.6kV) and LV (usually operating at 0.4kV but also some small 
segments of the network operating on non-standard voltages). Whichever design 
strategy used, it has to be always compliant with ER P2/6. 
  
 Various network design strategies may result in different cost, losses and 
reliability performance profiles. To assess the sensibility of different design policies 
on total investment, maintenance and operational cost, a high-level exercise was 
undertaken. 
 The generic distribution network tool previously described in Chapter 2 and 
5 was further developed to broaden the capacity of the software to assess different 
voltage levels.  This chapter describes the methodology used on the approach of 
multi voltage level networks. Some results are exposed to illustrate different design 
methodologies and future planning trends to be considered on distribution networks. 
 The core idea is to treat distribution substations as consumers at a higher 
voltage level. These consumers would require their own supply network and 
primary substations as supply points. This means that the higher voltage networks 
can be generated using the same approach as used in LV systems. 
 As previous assessments indicate and suggested by available data from 
distribution networks, branching rate at higher voltage levels tend to be also higher. 
Therefore, it is recommended that the paths connecting the distribution substations 
should be created using more randomly connection algorithm, as explained in 
Chapter 2. The developed software has the possibility of creating networks with 
different branching rate for each voltage level changing the connection algorithm 
used (random next neighbour or nearest next neighbour). 
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6.2. Multi voltage levels representation 
 
 In order to perform reasonable optimisation calculations on more than one 
voltage level, it is necessary to consider large enough areas to contain a significant 
number of primary 132/33kV and 33/11kV substations. If provided with high 
specification computer capacity, this tool can represent in the order of millions of 
consumers allowing simulations to represent whole cities, large rural areas or even 
countries. 
 At LV level, every consumer was modelled as a load point. The customers 
were then supplied by a number of 11/0.4kV distribution transformers depending on 
the network configuration and characteristics. At HV level, 11/0.4kV distribution 
transformer will be supplied by HV/11kV primary substation. In order to model 
multi voltage levels, the transformer information on the first voltage level needs to 
be captured. To capture the LV network characteristic, the transformer peak loading, 
the substation’s location and the number of customers served per substation were 
recorded. The output data from LV networks were then considered as the input to 
create the HV and EHV network.  
 So that the higher voltage networks were realistic, the HV and EHV 
networks were represented on a matrix. Each grid element represents one LV 
network. By doing so, each element of the matrix will have a set of customers 
(11/0.4kV transformer) with known location, loading and number of LV customers 
served. The HV network layout is then created by connecting the distribution 
substations together with controllable branching rate.  
 This way, large number of customers can be modelled. For example, if ten 
sets of LV networks are generated, each with twenty substations supplying two 
thousand customers and are placed randomly into ten-by-ten matrices, the HV 
network would represent two hundred thousand consumers. It would be unrealistic 
and computational expensive to model every single load points for HV network 
with two hundred thousand customers.  
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6.3. Optimal number of voltage levels 
 
6.3.1. Techno-economic assessment of abolishing the 
33kV network 
 
A high-level exercise was undertaken to evaluate two contrasting network 
design strategies: application of direct transformation of 132/11kV used to supply 
the 11kV network; and a design in which the 11kV network is supplied via 33/11kV 
distribution substations (supplied from 132/33kV substations). 
 The generic distribution tool was used to analyse the performance 
characteristics of these two alternative design approaches for supply typical 
distribution networks. A rural and an urban area were analysed considering all 
inherent typical characteristics for equipment, design and operation.  
 
6.3.1.1. Rural network scenario 
 
The simulations were carried out on three and four voltage levels of a typical 
rural distribution network. The nominal voltage levels considered are 132kV, 33kV, 
11kV and 0.4kV. The 33kV network is supplied by 132/33kV substations and the 
11kV network is supplied by 33/11kV substations. Consumers at 0.4kV (LV) level 
are supplied by 11/0.4kV substations which, themselves, are consumers of the 11kV 
network (HV).  
 Studies were done for a typical rural LV network with load density of 
0.28MVA/km2 supplied by various scenarios of number of substations/km2 so that 
the optimal network design can be achieved. This network will then serve as a 
sample since the HV network is represented by an aggregation of 100 of these 
networks.  Therefore, the whole HV distribution network covers a square area of 
529km2. As the LV network to be supplied by the HV network is the same for all 
cases, the number of consumers and the total load and energy consumption is also 
the same. Only this way a fair comparison between scenarios can be made and an 
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accurate assessment of weather to have direct transformation is economically and 
technically viable. 
Table 6.1 – Rural network characteristics 
Number of customers supplied 200,000 
Load density (MVA/km2) 0.28 
Peak demand (MVA) 423,5 
Total annual energy consumption (MWh/consumer) 5,52 
Total area supplied (km2) 529 
 
 
3.25 km
 
 
Figure 6.1 – LV network with load density 0.28 MVA/km2 and 6 substations/km2 used for rural 
scenario 
 
Consumer distribution for the rural system is mainly constituted by domestic 
costumers. Figure 6.2 show the percentages of consumer type used among the 8 
types previously described in Chapter 4. 
 
2.3 k
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Figure 6.2 – Consumer distribution for the LV rural network 
 
For every voltage level, the optimal number of substations was determined 
balancing capital costs with operational costs. For all scenarios, the equipment costs, 
maintenance costs, installation costs and cost of losses (for overhead lines, 
transformer’s iron losses and transformer’s copper losses) are specified so that a 
clear detailed analysis can be done. 
 
 
 
Figure 6.3 – Rural network with 132/33/11kV voltage levels (left) and with direct transformation 
132/11kV (right) 
 
In Figure 6.3 two rural networks with load density 0.28MVA/km2 are shown. 
Both have the same parameters and the LV networks which they supply are exactly 
the same, with the same number of customers, consumer distribution, number of 
substations, branching rate and all specific parameters that characterise a network. 
This enable the comparison for both capital and operational costs between having 
23 km 23 km
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the network with four voltage levels (11/0.4kV substations supplied by 33/11kV 
substations and these last supplied by 132/33kV substation) or having direct 
transformation phasing out the 33kV network (11/0.4kV substations supplied by 
132/11kV substations). 
Given the differences in rating between 132/11kV and 33/11kV substations, 
there will be approximately four times fewer substations when direct transformation 
design is chosen. As shown in the picture, the network with direct transformation 
132/11kV has 0.03 substations/km2 whereas the network shown on the left has 0.12 
substations/km2. As a consequence, 11kV feeders in the case with three voltage 
levels will be longer and supply larger number of customers (and hence more 
heavily loaded) than in case with four voltage levels. These length and loading 
considerations will tend to undermine quality of supply characteristics and cable 
losses, but should be less capital intensive due to the avoidance of the 33kV voltage 
level and reduced number of substations. 
Results are summarised in Table 6.2 and Table 6.3 that present the key 
characteristics of the two alternative design approaches including equipment costs 
(including maintenance and installation costs), cost of losses and the total costs. 
Cost of equipment consists of cable installation costs, which include cost of 
installing the poles and connecting the lines; purchasing costs of overhead lines for 
different line cross-sections (95, 185 and 300mm2) and cost of substations, which 
include cost of transformers and cost of accompanying equipment (circuit breakers, 
fuses, protections devices, etc.), labour and maintenance cost. The total cost is the 
sum of all these components plus the cost of losses, that are then annuitised and 
expressed in p/kWh and £/kWpeakyear. 
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Table 6.2 – Key characteristics of the four voltage level rural network design 
Voltage level
0.01sub/km2 0.015sub/km2 0.02sub/km2 0.03sub/km2 0.04sub/km2
Equipment Cost (£/kWp year)  
Total 132/33 substation cost 5.24 6.98 9.52 12.69 15.87
Total 33kV OH line installation cost 3.74 3.74 3.74 3.74 3.74
Total 95mm2 OH line cost 0.37 0.37 0.36 0.41 0.44
Total 185mm2 OH line cost 0.63 0.69 0.56 0.46 0.54
Total 300mm2 OH line cost 1.94 1.48 1.26 0.89 0.42
Cost of Losses (£/kWp year)
Cu losses 0.43 0.33 0.20 0.16 0.13
Iron losses 0.20 0.27 0.37 0.50 0.62
OH line losses 0.70 0.65 0.53 0.39 0.34
OH line length (Km)
95mm2 54 55 58 67 71
185mm2 55 61 54 45 52
300mm2 117 89 83 59 28
0.51 0.56 0.63 0.74 0.85
13.26 14.52 16.54 19.24 22.10
0.03sub/km2 0.06sub/km2 0.09sub/km2 0.12sub/km2 0.15sub/km2
Equipment Cost (£/kWp year)
Total 132/11 substation cost 6.55 6.33 7.52 8.71 10.17
Total 11kV OH line installation cost 11.23 11.23 11.23 11.23 11.23
Total 95mm2 OH line cost 1.81 1.81 2.08 2.47 2.90
Total 185mm2 OH line cost 1.16 1.21 1.48 1.65 2.26
Total 300mm2 OH line cost 4.40 2.80 2.93 2.72 2.41
Cost of Losses (£/kWp year)
Cu losses 0.57 0.57 0.70 0.81 0.97
Iron losses 0.45 0.53 0.71 0.92 1.17
OH line losses 2.11 1.81 2.15 2.46 2.91
OH line length (Km)
95mm2 371 391 416 435 452
185mm2 144 158 166 162 190
300mm2 369 281 252 205 156
1.08 1.01 1.10 1.19 1.30
28.28 26.28 28.80 30.98 34.02
Equipment Cost (£/kWp year)
Total 11/0.4 substation cost
Total 0.4kV OH line installation cost
Total 25mm2 OH line cost
Total 35mm2 OH line cost
Total 95mm2 OH line cost
Total 185mm2 OH line cost
Total 300mm2 OH line cost
Cost of Losses (£/kWp year)
Cu losses
Iron losses
OH line losses
6.39 6.31 6.41 6.49 6.61
166.71 164.71 167.23 169.41 172.45
Total 0.4kV Network Cost    p/kWh                                                                  
£/kWp                   
Total 132/33/11/0.4kV           p/kWh                                                                  
Network Cost                   £/kWp                   
125.17
Total 33kV Network Cost   p/kWh                                                                  
£/kWp                   
11kV
 
132/33/11/0.4kV
4.80
33kV
 
 
 
1.63
3.13
1.06
 
22.58
1.00
0.01
36.56
56.00
0.58
2.64
0.4kV
6 sub/km2
Total 11kV Network Cost     p/kWh                                                                  
£/kWp                   
 
 
 The total cost when the 33kV network is considered is calculated choosing 
the optimal network design on this voltage level. As seen on the table above, this is 
obtained when we have 0.01 substations/km2 with a cost of 13.26 £/kWp.year. The 
total cost is then achieved adding this cost to the various network designs for the 
11kV network and to the 0.4kV network cost. The overall minimum is then 
obtained when we chose a configuration of 0.01 substations/km2 (132/33kV) 
supplying the 33kV network, 0.06 substations/km2 (33/11kV) feeding the 11kV 
network and 6 substations/km2 (11/0.4kV) serving all LV customers with a total of 
166.71 £/kWp.year. 
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 In Table 6.3 the very same analogy is made in the attempt to determine the 
optimal number of substations for the direct transformation 132/11kV approach. 
 
Table 6.3 – Key characteristics of the direct transformation 132/11/0.4kV rural network design 
Voltage level
0.02Sub/km2 0.03sub/km2 0.04sub/km2 0.05sub/km2 0.06sub/km2
Equipment Cost (£/kWp year)
Total 132/11 substation cost 11.85 16.56 21.74 26.91 33.12
Total 11kV OH line installation cost 12.63 12.63 12.63 12.63 12.63
Total 95mm2 OH line cost 2.73 2.75 2.85 2.82 2.90
Total 185mm2 OH line cost 1.98 2.08 2.34 2.39 2.46
Total 300mm2 OH line cost 8.30 6.77 4.60 4.11 3.24
Cost of Losses (£/kWp year)
Cu losses 0.91 0.68 0.48 0.38 0.31
Iron losses 0.56 0.77 1.01 1.24 1.53
OH line losses 3.75 3.15 2.66 2.68 2.75
OH line length (Km)
95mm2 366 380 400 422 440
185mm2 155 163 184 188 194
300mm2 662 548 418 302 235
1.64 1.74 1.85 2.04 2.26
42.70 45.39 48.31 53.17 58.94
Equipment Cost (£/kWp year)
Total 11/0.4 substation cost
Total 0.4kV OH line installation cost
Total 25mm2 OH line cost
Total 35mm2 OH line cost
Total 95mm2 OH line cost
Total 185mm2 OH line cost
Total 300mm2 OH line cost
Cost of Losses (£/kWp year)
Cu losses
Iron losses
OH line losses
6.43 6.54 6.65 6.84 7.06
167.88 170.56 173.48 178.34 184.11
1.06
0.58
2.64
132/11/0.4kV Direct Transformation
11kV
0.4kV
Total 11kV Network Cost     p/kWh                                                                  
£/kWp                   
Total 0.4kV Network Cost    p/kWh                                                                  
£/kWp                   
4.80
6 sub/km2
1.63
3.13
22.58
1.00
0.01
 
 
 
36.56
56.00
125.17
Total 132/11/0.4kV              p/kWh                                                                  
Network Cost                   £/kWp                   
 
 
 The overall minimum total cost is achieved when a configuration of 0.02 
substations/km2 (132/11kV) is chosen to supply the 11/0.4kV substations with a 
total cost of 167.88 £/kWp.year. 
 
  If we were to select the equipment to be installed by its rating, then the 
number of 132/11kV transformers would be about 4 times fewer than 33/11kV 
transformers. Instead, the optimisation process includes parameters such as the line 
losses and the transformer’s load and non-load losses. Taking into account all these 
costs, the optimal network design for the 11kV network when considering direct 
transformation is found to be when there are 0.02 substations/km2 (132/11kV), only 
one therd of the 33/11kV substations used in the optimal 11kV network opting for 
four voltage levels.  
 Figure 6.4 and Figure 6.5 show the optimal number of substations for the 
11kV network in both four voltage levels and direct transformation scenarios. 
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Figure 6.4 – Optimal 11kV rural network design strategy including 33/11kV substations 
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Figure 6.5 – Optimal 11kV rural network design strategy including 132/11kV substations 
 
By phasing out the 33kV network, 11kV becomes longer and larger capacity 
132/11kV substations will supply the same number of 11/0.4kV transformers when 
comparing to four voltage levels strategy. Due to long HV feeders, losses in 
overhead lines have significant values as seen in Figure 6.6, especially for low 
number of substations/km2.  
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Figure 6.6 – Breakdown of network losses using three voltage levels rural design (132/11kV 
transformer and 11kV OHL losses) 
 
When using the three voltage levels approach, the minimum system losses 
are obtained when using 0.04 substations/km2 which is different the minimum total 
network cost (capital plus operational costs) as seen in Figure 6.5. When fewer 
substations are used, the lines become very long and many customers are connected 
to the same feeder leading to very high I2R losses.  
 The effects of changing the number of substations are not so striking in the 
four voltage levels scenario. Figure 6.7 and Figure 6.8 show the detailed losses for 
each voltage level using four voltage levels approach. The feeder length when using 
three voltage levels decreases very rapidly exponentially with the increase in the 
number of substations. This decrease becomes more linear when considering four 
voltage levels since feeders will be more subdivided and, hence, length will not be 
as long as in the direct transformation scenario.  
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Figure 6.7 – Breakdown of network losses using four voltage levels rural design (132/33kV 
transformer and 33kV OHL losses) 
 
0.00%
0.20%
0.40%
0.60%
0.80%
1.00%
1.20%
1.40%
1.60%
0.03sub/km20.06sub/km20.09sub/km20.12sub/km20.15sub/km2
N
e
tw
o
rk
 L
o
ss
e
s 
(%
)
Total Cu Losses Total Iron Losses Total Conductor Losses
 
Figure 6.8 – Breakdown of network losses using four voltage levels rural design (33/11kV transformer 
and 11kV OHL losses) 
 
Actually, if we add the losses of the 33kV and 11kV voltage levels including 
the substations supplying them – 132/33kV and 33/11kV respectively – the 
disparity among the different number of substations/km2 are not so great. The point 
where the minimum operational cost can be found is when using 0.01 
substations/km2 having 1.64% of energy lost. Recalling the three voltage levels 
simulations, the minimum is attained with 0.04 Substations/km2 when there is a 
value of 1.31% of losses. Therefore, designing the network opting to use three 
voltage levels can result in a reduction of about 20% in losses when compared to 
using all four voltage levels. Although OHL has a big share of the losses, the 
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reduction of the number of transformers avoiding the use of 33kV network will 
drastically reduce iron and copper losses. Figure 6.9 shows the total system losses 
for all voltage levels with the exception of the LV network since it is the same for 
both the three and four voltage levels scenarios. 
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Figure 6.9 – Breakdown of total network losses using four voltage levels rural design (132/33kV and 
33/11kV substations; 33kV and 11kV OHL losses) 
 
 Similar to the previous cases, losses and their costs increase with an increase 
in the number of substations. It is possible to verify a trend of an increasing 
percentage of transformer fixed losses. This is due to the higher number of 
transformers used to supply the same load. For the same reason, the cost of variable 
losses slowly decreases as the loading of the transformers also decreases. The use of 
high efficiency transformers with low fixed losses should be recommended for low 
load densities. 
 
 Concerning cost of equipment, the results illustrate the influence of the 
substation cost in the network design. Too many substations will make the network 
too expensive. Too few will mean the OHL will become very long and hence very 
costly. Also, when there are few substations, these will supply lots of customers 
with long and thick feeders. As we can see in Figure 6.10, Figure 6.11 and Figure 
6.12, the fewer substations there are, the more representative the cost of 300mm2 
lines will be. 
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Figure 6.10 – Breakdown of equipment cost using three voltage levels (132/11kV substation and 11kV 
rural network components) 
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Figure 6.11 – Breakdown of equipment cost using four voltage levels (132/33kV substation and 33kV 
rural network components) 
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Figure 6.12 – Breakdown of equipment cost using four voltage levels (33/11kV substation and 11kV 
rural network components) 
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Figure 6.13 elucidate the increase in the cost of substations with an increase 
in its number. However, with an increase in the number of primaries, the amount 
and the cost of lines installed, particularly 300mm2 size, decreases. Since the 
substations are the most expensive component of the network, the total cost is 
linearly increasing with the increase in its number.  
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Figure 6.13 – Breakdown of total equipment cost using four voltage levels (132/33kV and 33/11kV 
substations; 33kV and 11kV rural network components) when using 0.06 substations/km2 (33/11kV) 
 
 A common characteristic of both three and four voltage levels design is that 
the cost of lines and its installation is dominant in the overall total cost. This is 
expected since the area considered is very wide and sparse and, therefore, overhead 
lines are very long and costly. This goes according to the regular practice of DNOs 
for rural network planning and design. 
 
 Since the overall minimum costs are obtained with fewer substations/km2 a 
new question arises about voltage constrains. If too few substations are installed, 
then feeder will become too long and voltage drop can exceed statutory limits. 
 The difference in 11kV feeder length when using four versus three voltage 
levels design is illustrated in Figure 6.14 and Figure 6.15. It is clearly noticeable 
that when using 132/11kV direct transformation, overhead lines become longer 
since they will have to cover the 33kV network length used when designing the 
network with four voltage levels. 
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Figure 6.14 – 11kV feeder length for rural network using 4 voltage level design 
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Figure 6.15 – 11kV feeder length for rural network using direct transformation 132/11kV design 
  
A detailed analysis was done to expose any problems that may occur and 
voltage histograms can be seen in Figure 6.16 for each substation/km2 scenario. 
Average feeder length for 11kV network with direct transformation is much longer 
than using 33kV voltage level. In fact, the longest 11kV feeder for three voltage 
level design is almost 3 times longer than in the four voltage levels. Therefore, it is 
expected that voltage problems could happen especially when using few 
substations/km2. For the scenario with 0.02 substations/km2 voltage falls under 
statutory limits for some network ends (11/0.4kV substation’s primary). The voltage 
registered at the bus bar representing the worst case scenario was 0.937pu. Thus, 
only when using 0.03 substations/km2 the voltage is kept within ±6% complying 
with the statutory limits.  
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Figure 6.16 – Histogram of voltage for 11kV rural network using 132/11kV direct transformation for 
different substation/km2 scenarios 
 
 The voltage histograms for the 33kV and 11kV networks when using four 
voltage levels are presented in Figure 6.17 and Figure 6.18. Once again, although 
the minimum total cost is found when using the fewest substations possible, the 
voltage drop is the main constraint. Only when using 0.015 substations/km2 the 
voltage is kept above the lower limit for all bus bars across the network. Thus, the 
optimal network design for the 33kV network is determined by the voltage drop 
since a very wide and sparse area is supplied with long feeders.  
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Figure 6.17 – Histogram of voltage for 33kV rural network using four voltage levels for different 
substation/km2 scenarios 
 
 For the 11kV network, it is possible to confirm that there are no voltage 
problems when considering 0.06 substations/km2. This is the same value for which 
the minimum total costs are found and, hence, the optimal network design can be 
validated. 
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Figure 6.18 – Histogram of voltage for 11kV rural network using four voltage levels for different 
substation/km2 scenarios 
 
 
6.3.1.2. Urban network scenario 
 
Simulations were carried out on three and four voltage levels of a typical 
urban distribution network. The nominal voltage levels are 132kV, 33kV, 11kV and 
0.4kV. The 33kV network is supplied by 132/33kV substations and the 11kV 
network is supplied by 33/11kV substations. Consumers at 0.4kV (LV) level are 
supplied by 11/0.4kV substations which, themselves, are consumers of the 11kV 
network (HV).  
The area studied covers an urban area with load density of 5MVA/km2 
supplied by various scenarios of number of substations/km2 so that the optimal 
network design can be achieved. This network will then serve as a sample since the 
HV network is represented by an aggregation of 100 of these networks (Figure 6.19).  
Therefore, the HV network supplies a square area of 96.04km2. As the LV network 
to be supplied by the HV network is the same for all cases, the number of 
consumers and the total load and energy consumption is also the same. 
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Table 6.4 – Urban network characteristics 
Number of customers supplied 200,000 
Load density (MVA/km2) 5 
Peak demand (MVA) 1108 
Total annual energy consumption (MWh/consumer) 13.2 
Total area supplied (km2) 96.04 
 
 
0.98 km
 
Figure 6.19 – LV network with load density 5MVA/km2 and 16 substations/km2 used for urban 
scenario 
 
Consumer distribution for the urban system is constituted by different 
percentage of the 8 types of consumers shown in Figure 6.20. 
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Figure 6.20 – Consumer distribution for the LV urban network 
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Like in the rural case study, for every voltage level, the optimal number of 
substations was determined balancing capital costs with operational costs. For all 
scenarios, the equipment costs, maintenance costs, installation costs and cost of 
losses (for underground cables, transformer’s iron losses and transformer’s copper 
losses) are specified so that a clear detailed analysis can be done. 
 
 
 
Figure 6.21 – Urban network with 132/33/11kV voltage levels (left) and with direct transformation 
132/11kV (right) 
 
In Figure 6.21 two urban networks with load density 5MVA/km2 are shown. 
Both have the same parameters and the LV networks which they supply are exactly 
the same, with the same number of customers, consumer distribution, number of 
substations, branching rate and all specific parameters that characterise a network. 
This enable the comparison for both capital and operational costs between having 
the network with four voltage levels (11/0.4kV substations supplied by 33/11kV 
substations and these last supplied by 132/33kV substation) or having direct 
transformation phasing out the 33kV network (11/0.4kV substations supplied by 
132/11kV substations). 
Given the rating differences between 132/11kV and 33/11kV substations, 
there will be approximately four times fewer substations when opted by direct 
transformation. As shown in the picture, the network with direct transformation 
132/11kV has 0.2 substations/km2 whereas the network shown on the left has 0.8 
substations/km2. As a consequence, 11kV feeders in the case with three voltage 
levels will be longer and supply larger number of customers (and hence more 
heavily loaded) than in case with four voltage levels. These length and loading 
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considerations will tend to undermine quality of supply characteristics and cable 
losses, but should be less capital intensive due to the avoidance of the 33kV voltage 
level and reduced number of substations. 
Results are summarised in Table 6.5 and Table 6.6 that present the key 
characteristics of the two alternative design approaches including equipment costs 
(including maintenance and installation costs), cost of losses and the total costs. 
Cost of equipment consists of cable installation costs, which include cost of digging 
the trenches, laying and connecting the cables; purchasing costs of conductors for 
different cable cross-sections (95, 185 and 300mm2) and cost of substations, which 
include cost of transformers and cost of accompanying equipment (circuit breakers, 
fuses, protections devices, etc.), labour and maintenance cost. The total cost is the 
sum of all these components plus the cost of losses, that are then annuitised and 
expressed in p/kWh and £/kWpeakyear. 
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Table 6.5 – Key characteristics of the four voltage level urban network design 
Voltage level
0.15sub/km2 0.2sub/km2 0.25sub/km2 0.3sub/km2 0.35sub/km2
Equipment Cost (£/kWp year)
Total 132/33 substation cost 7.96 8.60 9.28 9.85 10.66
Total 33kV cable installation cost 0.87 0.87 0.87 0.87 0.87
Total 95mm2 cable cost 0.00 0.00 0.00 0.00 0.00
Total 185mm2 cable cost 0.07 0.09 0.10 0.12 0.12
Total 300mm2 cable cost 1.15 1.01 0.89 0.77 0.74
Cost of Losses (£/kWp year)
Cu losses 0.781 0.687 0.822 0.761 0.803
Iron losses 0.241 0.274 0.310 0.329 0.370
Cable losses 0.723 0.318 0.291 0.255 0.232
Cable length (Km)
95mm2 0 0 0 0 0
185mm2 28 30 36 38 41
300mm2 159 140 130 126 122
0.50 0.50 0.53 0.55 0.58
11.80 11.85 12.56 12.95 13.80
0.5sub/km2 0.6sub/km2 0.7sub/km2 0.8sub/km2 0.9sub/km2
Equipment Cost (£/kWp year)
Total 33/11 substation cost 8.69 9.93 10.37 10.52 10.69
Total 11kV cable installation cost 4.18 4.18 4.18 4.18 4.18
Total 95mm2 cable cost 0.20 0.21 0.21 0.22 0.22
Total 185mm2 cable cost 0.31 0.31 0.28 0.32 0.35
Total 300mm2 cable cost 1.53 1.31 1.24 1.12 0.98
Cost of Losses (£/kWp year)
Cu losses 0.559 0.475 0.505 0.551 0.587
Iron losses 0.434 0.518 0.576 0.632 0.677
Cable losses 0.365 0.289 0.265 0.244 0.216
Cable length (Km)
95mm2 69 70 72 73 74
185mm2 79 78 71 79 88
300mm2 312 267 253 228 200
0.69 0.73 0.74 0.75 0.75
16.28 17.22 17.63 17.78 17.90
Equipment Cost (£/kWp year)
Total 11/0.4 substation cost
Total 0.4kV cable installation cost
Total 25mm2 cable cost
Total 35mm2 cable cost
Total 95mm2 cable cost
Total 185mm2 cable cost
Total 300mm2 cable cost
Cost of Losses (£/kWp year)
Cu losses
Iron losses
Cable losses
4.69 4.73 4.75 4.76 4.76
111.47 112.42 112.83 112.98 113.10
Total 132/33/11/0.4kV           p/kWh                                                                  
Network Cost                   £/kWp                   
3.51Total 0.4kV Network Cost    p/kWh                                                                  
£/kWp                   83.40
0.00
0.18
1.75
0.98
16 sub/km2
2.33
2.79
1.65
1.61
132/33/11/0.4kV
Total 11kV Network Cost     p/kWh                                                                  
£/kWp                   
Total 33kV Network Cost    p/kWh                                                                  
£/kWp                   
18.04
54.07
0.4kV
33kV
 
 
 
 
 
11kV
 
 
 When the 33kV network is considered the system total cost is calculated 
choosing the optimal network design on this voltage level. As seen on the table 
above, this is obtained when we have 0.15 substations/km2 with a cost of 11.80 
£/kWp.year. The total cost is then achieved adding this cost to the various network 
designs for the 11kV network and to the 0.4kV network cost. The overall minimum 
is then obtained when we chose a configuration of 0.15 substations/km2 (132/33kV) 
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supplying the 33kV network, 0.5 substations/km2 (33/11kV) feeding the 11kV 
network and 16 substations/km2 (11/0.4kV) serving all LV customers reaching the 
total of 111.47 £/kWp.year.  
 From the results, it can be seen that the cost of the LV network dominates 
overall costs for both three and four voltage levels. This is primarily due to the 
number and type of indoor distribution substations involved and extensive LV 
feeder length.  
 Opposite to the rural case, the length of LV cable and so their installation 
and purchasing costs by far outweighs those of HV or EHV cable. Comparing the 
number of distribution substations and length of LV network with the number of 
primary substations and length of HV and EHV networks, it is possible to verify 
that the cost of equipment, installation and maintenance is dominated by LV 
network and the choice of the number of primary substations has limited impact on 
overall equipment cost.  
  
 In Table 6.6 the very same analogy is made in the attempt to determine the 
optimal number of substations for the direct transformation 132/11kV approach. 
Chapter 6 – Strategic Planning of Multi Voltage Level Distribution Networks 
154 
 
 
Table 6.6 – Key characteristics of the direct transformation 132/11/0.4kV urban network design 
Voltage level
0.2Sub/km2 0.3sub/km2 0.4sub/km2 0.5sub/km2 0.6sub/km2
Equipment Cost (£/kWp year)
Total 33/11 substation cost 7.84 8.70 10.31 13.05 15.57
Total 11kV cable installation cost 4.18 4.18 4.18 4.18 4.18
Total 95mm2 cable cost 0.18 0.19 0.20 0.20 0.20
Total 185mm2 cable cost 0.27 0.27 0.28 0.30 0.32
Total 300mm2 cable cost 2.36 1.97 1.55 1.41 1.31
Cost of Losses (£/kWp year)
Cu losses 0.58 0.60 0.65 0.52 0.42
Iron losses 0.26 0.31 0.36 0.47 0.54
Cable losses 0.75 0.56 0.35 0.32 0.29
9.68325251 Cable length (Km)
95mm2 60 64 67 67 67
47.41598425 185mm2 68 69 70 76 82
300mm2 480 403 315 292 266
0.69 0.71 0.75 0.86 0.96
16.42 16.78 17.88 20.45 22.82
Equipment Cost (£/kWp year)
Total 11/0.4 substation cost
Total 0.4kV cable installation cost
Total 25mm2 cable cost
Total 35mm2 cable cost
Total 95mm2 cable cost
Total 185mm2 cable cost
Total 300mm2 cable cost
Cost of Losses (£/kWp year)
Cu losses
Iron losses
Cable losses
4.20 4.22 4.27 4.37 4.47
99.82 100.18 101.27 103.85 106.22
 
11kV
3.51
Total 132/11/0.4kV              p/kWh                                                                  
Network Cost                   £/kWp                   
83.40
1.75
0.98
2.33
2.79
1.65
1.61
Total 11kV Network Cost     p/kWh                                                                  
£/kWp                   
0.4kV
Total 0.4kV Network Cost    p/kWh                                                                  
£/kWp                   
16 sub/km2
18.04
54.07
0.00
0.18
 
132/11/0.4kV Direct Transformation
 
 
 Since there are more substations in the network with the 33kV voltage level, 
cables used will be less loaded and will have a smaller cross-section area when 
compared with cables in network with direct transformation. Regarding the cost of 
substations, it is important to consider that the cost of substations has a significant 
fixed cost component.  
 Losses in cables when adopting direct transformation are very different from 
the network with all four voltage levels. As indicated, large number of substations 
leads to shorter feeders, fewer consumers per feeder, hence, lower current and 
consequently lower losses. However, due to the increase in the number of 
substations, transformer losses also increase (especially iron losses). Therefore, 
network with the 33kV level has higher overall losses since it has higher number of 
transformers even though these are of lowest ratings than in the network with three 
voltage levels. 
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 The overall minimum total cost is achieved when a configuration of 0.2 
substations/km2 (132/11kV) is chosen to supply the 11/0.4kV substations with a 
cost of 99.82 £/kWp.year. 
 
  If we were to select the equipment to be installed by its rating, then the 
number of 132/11kV transformers would be about 4 times fewer than 33/11kV 
transformers. Instead, the optimisation process includes parameters such as the 
cable losses and the transformer’s variable and fixed losses. Taking into account all 
these costs, the optimal network design for the 11kV network when considering 
direct transformation is found to be when there are 0.2 substations/km2 (132/11kV), 
2.5 times lower than the number of 33/11kV substations used in the optimal 11kV 
network opting for four voltage levels.  
 Figure 6.22 and Figure 6.23 show the optimal number of substations for the 
11kV network in both four voltage levels and direct transformation scenarios. 
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Figure 6.22 – Optimal 11kV urban network design strategy including 33/11kV substations 
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Figure 6.23 – Optimal 11kV urban network design strategy including 132/11kV substations 
 
 By phasing out the 33kV network, 11kV becomes longer and larger capacity 
132/11kV substations will supply the same number of 11/0.4kV transformers when 
compared to four voltage levels strategy. It is possible to notice in Figure 6.24 that 
the loading of both the transformers and cables decreases with the increase in the 
number of substations/km2. The cable losses as well as the variable losses in the 
transformer have a declining tendency but, on the opposite, the fixed losses rise 
translating the augment in the number of transformers. 
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Figure 6.24 – Breakdown of network losses using three voltage levels urban design (132/11kV 
transformer and 11kV cable losses) 
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When using the three voltage levels approach, minimum system losses are 
obtained when using 0.6 substations/km2 (Figure 6.24) which does not match the 
minimum total network cost (capital plus operational costs) as seen in Figure 6.23.  
In the case of networks supplied by fewer substations per km2, load losses in 
cables are dominant. This is expected as the load is supplied with small number of 
substations, which leads to high load through conductors and high value of losses. 
Due to the small number of transformers used, the value of fixed losses is also 
relatively small, increasing with the number of substations. 
 Figure 6.25 and Figure 6.26 show the detailed losses for each voltage level. 
Since the 33kV network operates at such high voltage, current in cables is low. 
Adding this fact to the use of high capacity substations to supply the 33/11kV 
transformers, lead to predominant fixed losses increasing with the number of 
substations used. The need to use two transformers per substations to go according 
to Engineering Recommendation P2/6 (Energy Networks Association, 2005) 
introduces a high iron losses component.  
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Figure 6.25 – Breakdown of network losses using four voltage levels urban design (132/33kV 
transformer and 33kV cable losses) 
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Figure 6.26 – Breakdown of network losses using four voltage levels urban design (33/11kV 
transformer and 11kV cable losses) 
 
Actually, if we add the losses of the 33kV and 11kV voltage levels including 
the substations supplying them – 132/33kV and 33/11kV respectively – the 
disparity among the different number of substations/km2 is not so great. The point 
where the minimum operational cost can be found is when using 0.6 (33/11kV) 
substations/km2 and 0.2 (132/33kV) substations/km2 resulting in nearly 0.8% of 
energy lost. Recalling the three voltage levels simulations, the minimum is attained 
also with 0.6 substations/km2 with a value of 1.5% of losses. Therefore, designing 
the network opting to use three voltage levels can result in an increase of about 50% 
in losses when compared to using all four voltage levels. Figure 6.27 show the total 
system losses for all voltage levels with the exception of the LV network since it is 
the same for both the three and four voltage levels scenarios. 
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Figure 6.27 – Breakdown of total network losses using four voltage levels urban design (132/33kV 
and 33/11kV substations; 33kV and 11kV cable losses) 
 
 As previously explained for this type of networks with higher voltage levels, 
losses and their costs increase with an increase in the number of substations. It is 
possible to verify that transformer losses play a significant role in overall losses 
since high capacity transformers are used in urban areas. The use of high efficiency 
transformers, such as amorphous core, with low fixed losses should be 
recommended for high load densities areas, such as cities. 
 
 Concerning cost of equipment, the results translate the influence of the 
substation cost in the network design. As we can see in Figure 6.28, the increasing 
the number of substations used, the cost of 300mm2 underground cable reduces, 
indicating that cables will be less loaded and hence smaller cross-section area 
becomes recommended. Also, in all cases, the cable installation cost is the same 
since the network length is constant independently of the number of substations, as 
previously explained.  
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Figure 6.28 – Breakdown of equipment cost using three voltage levels (132/11kV substation and 11kV 
urban network components) 
 
 Figure 6.29 represents the detailed cost of equipment for the 33kV network 
and respective 132/33kV substations. The cost of substations, which include the 
cost of transformers and cost of accompanying equipment such as circuit breakers, 
fuses and protection, labour and maintenance cost, is clearly predominant. Moreover, 
it can be seen that the cable mostly used is the 300mm2 for every substations/km2 
scenario. 
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Figure 6.29 – Breakdown of equipment cost using four voltage levels (132/33kV substation and 33kV 
urban network components) 
  
 With respect to the 11kV network, there is a very slight increase in the 
equipment price with the increase of the number of substations/km2. This is 
justifiable due to the costs of indoor substations used whose capacity is quite high. 
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In all cases, transformers capacity range from 7.5MVA to 24MVA and substations 
cost is half of the total equipment cost. It is also noticeable in Figure 6.30 that with 
fewer substations, the cable most used is the 300mm2 whereas when there are more 
substations used, 95mm2 and 185mm2 are installed more often. 
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Figure 6.30 – Breakdown of equipment cost using four voltage levels (33/11kV substation and 11kV 
urban network components) 
 
Figure 6.31 elucidate the increase in the cost of substations with an increase 
in its number when using the 33kV level. However and once more, with an increase 
in the number of primaries, the amount and the cost of cables installed, particularly 
300mm2 size, decreases. Since the substations are the most expensive component of 
the network, the total cost is linearly increasing with the increase in its number.  
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Figure 6.31 – Breakdown of total equipment cost using four voltage levels (132/33kV and 33/11kV 
substations; 33kV and 11kV urban network components) when using 0.05 substations/km2 
(33/11kV) 
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 A common characteristic of both three and four voltage levels design is that 
the cost of substations and its construction/installation is dominant in the overall 
total cost. This is expected since the area considered is very concentrated, with a 
high load density and, therefore, underground cables tend to be thick and short. This 
goes according to the regular practice of DNOs for urban network planning and 
design. 
 
 To complement the equipment cost analysis, Figure 6.32, Figure 6.33 and 
Figure 6.34 show the number of substations used for each capacity rating used, for 
the 132/11kV, 132/33kV and 33/11kV transformation ratio respectively. 
 It can be seen that in the case where the 33kV network is abolished, 
substations have quite low capacity. In fact, for the last two substations/km2 
scenario, only 30MVA transformers are used. Therefore, if lower rating could be 
considered, savings in equipment cost and losses would be foreseen. Given that a 
large number of substations is used, the network is very fractioned and each 
substation only supplies a small number of 11/0.4kV transformers. As a 
consequence, such high capacity substations are not required for all the cases. 
 
0
5
10
15
20
25
30
35
40
45
50
0.2Sub/km2 0.3sub/km2 0.4sub/km2 0.5sub/km2 0.6sub/km2
Nu
m
be
r 
o
f s
u
bs
ta
tio
n
s
30 MVA
45 MVA
60 MVA
90 MVA
 
Figure 6.32 – Number of 132/11kV substations used for each capacity rating as a function of number 
of substations/km2  
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Figure 6.33 – Number of 132/33kV substations used for each capacity rating as a function of number 
of substations/km2  
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Figure 6.34 – Number of 33/11kV substations used for each capacity rating as a function of number of 
substations/km2  
 
 Since the overall minimum costs are obtained with fewer substations/km2 a 
new question arises about voltage constrains. If too few substations are installed, 
then feeder will become too long and voltage drop can exceed statutory limits.  
 The difference in 11kV feeder length when using four versus three voltage 
levels design is illustrated in Figure 6.35 and Figure 6.36. It is clearly noticeable 
that when using 132/11kV direct transformation, underground cables become longer 
since they will have to cover the 33kV network length used when designing the 
network with four voltage levels. 
Chapter 6 – Strategic Planning of Multi Voltage Level Distribution Networks 
164 
 
 
0
100
200
300
400
500
600
700
0.5sub/km2 0.6sub/km2 0.7sub/km2 0.8sub/km2 0.9sub/km2
K
m
Length of 300mm2 conductor
Length of 185mm2 conductor
Length of 95mm2 conductor
 
Figure 6.35 – 11kV feeder length for urban network using 4 voltage level design 
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Figure 6.36 – 11kV feeder length for urban network using direct transformation 132/11kV design 
 
A detailed analysis was done to expose any problems that may occur and a 
voltage histogram can be seen in Figure 6.37 for the minimum number of 
substation/km2 used. Although the average feeder length for 11kV network with 
direct transformation is longer than using 33kV voltage level, the voltage limits are 
respected even when using the fewest substations. The minimum voltage registered 
throughout the network was 0.942pu.  
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Figure 6.37 – Histogram of voltage for 11kV urban network using 132/11kV direct transformation for 
0.2 substation/km2 
  
 The voltage histograms for the 33kV and 11kV networks when using four 
voltage levels are presented in Figure 6.38 and Figure 6.39. Once again, although 
the minimum total cost is found when using the fewest substations possible, the 
voltage limits are respected at all the times. Even when using 0.15 substations/km2, 
the voltage is kept way above the lower limit for all bus bars across the network. 
Thus, optimal network design for the 33kV network is not constrained by voltage 
drop since the area is supplied is quite dense and short thick feeders are used.  
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Figure 6.38 – Histogram of voltage for 33kV urban network using four voltage levels for 0.15 
substation/km2 
 
 For the 11kV network, it is possible to confirm that there are no voltage 
problems when considering 0.5 substations/km2. This is the same value for which 
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the minimum total costs are found and, hence, the optimal network design can be 
validated. 
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Figure 6.39 – Histogram of voltage for 11kV urban network using four voltage levels for 0.5 
substation/km2 
 
6.3.2. Use of 20kV network in rural areas 
 
 As previously analysed in the study comparing three versus four voltage 
levels design in rural systems, it is not worth investing in direct transformation since 
it does not bring significant savings and it has a negative impact in reliability. It was 
shown that the minimum investment costs were achieved for the number of 
substations that would allow the network to operate just on the lower voltage limit. 
Thus, voltage drop reveals to be the main constrain in the rural network design due 
to the long feeder length.  
 It is known that most DNOs have currently in use 132/11kV transformers in 
certain substations of their networks. It is also know that they also use very 
frequently 132/20kV substations. The arising question is if for rural areas, when 
there are voltage problems which bring up the total cost of the network, it would be 
worthy to use a three voltage layer network but using 20kV instead of the nominal 
11kV.  
 Once more, using the generic networks tool, a study similar to the one 
presented in section 6.3.1.1. was performed.  The simulations were carried out on 
three voltage levels of a typical rural distribution network. The nominal voltage 
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levels are 132kV, 20kV and 0.4kV. The 20kV network is supplied by 132/20kV 
substations. Consumers at 0.4kV (LV) level are supplied by 20/0.4kV substations 
which, themselves, are consumers of the 20kV network (HV).  
 Studies were done for a LV network with load density of 0.28MVA/km2 
supplied by various scenarios of number of substations/km2 so that the optimal 
network design can be achieved. This network serves as a sample since the HV 
network is represented by an aggregation of 100 of these networks.  Therefore, the 
whole HV distribution network covers a square area of 529km2. As the LV network 
to be supplied by the HV network is the same for all cases, the number of 
consumers and the total load and energy consumption is also the same. The point is 
to establish a fair comparison between scenarios and an accurate assessment of 
weather to have direct transformation 132/20kV brings the benefits that the 
132/11kV transformations did not prove to have. 
 
For every voltage level, the optimal number of substations was determined 
balancing capital costs with operational costs. For all scenarios, the equipment costs, 
maintenance costs, installation costs and cost of losses (for overhead lines, 
transformer’s iron losses and transformer’s copper losses) are specified so that a 
clear detailed analysis can be done. 
 
Like in the case previously assessed for 132/11kV direct transformation, 
20kV feeders are characterised for being long overhead lines supplying a larger 
number of customers (and hence more heavily loaded) than in case with four 
voltage levels. These length and loading considerations will tend to undermine 
quality of supply characteristics and cable losses, but should be less capital 
intensive due to the avoidance of the 33kV voltage level and reduced number of 
substations. 
 
Results are summarised in Table 6.7 that present the key characteristics of 
the alternative design approach using 20kV voltage level counting with equipment 
costs (including maintenance and installation costs), cost of losses and the total 
costs. Cost of equipment consists of cable installation costs, which include cost of 
installing the poles and connecting the lines; purchasing costs of overhead lines for 
different line cross-sections (95, 185 and 300mm2) and cost of substations, which 
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include cost of transformers and cost of accompanying equipment (circuit breakers, 
fuses, protections devices, etc.), labour and maintenance cost. The total cost is the 
sum of all these components plus the cost of losses, that are then annuitised and 
expressed in p/kWh and £/kWpeakyear. 
 
Table 6.7 – Key characteristics of the direct transformation 132/20/0.4kV rural network design 
Voltage level
0.02Sub/km2 0.03sub/km2 0.04sub/km2 0.05sub/km2 0.06sub/km2
Equipment Cost (£/kWp year)
Total 132/20 substation cost 14.02 20.39 26.76 33.13 40.77
Total 20kV OH line installation cost 13.71 13.71 13.71 13.71 13.71
Total 95mm2 OH line cost 5.59 5.63 5.94 5.91 6.19
Total 185mm2 OH line cost 1.85 1.27 0.91 0.77 0.65
Total 300mm2 OH line cost 1.54 1.46 1.40 1.15 1.07
Cost of Losses (£/kWp year)
Cu losses 0.50 0.34 0.25 0.20 0.16
Iron losses 0.57 0.84 1.16 1.48 1.80
OH line losses 3.12 1.00 0.79 0.54 0.30
OH line length (Km)
95mm2 449 452 477 485 498
185mm2 98 90 84 77 69
300mm2 145 115 73 62 58
1.57 1.71 1.95 2.18 2.48
40.90 44.63 50.91 56.89 64.66
Equipment Cost (£/kWp year)
Total 11/0.4 substation cost
Total 0.4kV OH line installation cost
Total 25mm2 OH line cost
Total 35mm2 OH line cost
Total 95mm2 OH line cost
Total 185mm2 OH line cost
Total 300mm2 OH line cost
Cost of Losses (£/kWp year)
Cu losses
Iron losses
OH line losses
6.37 6.51 6.75 6.98 7.28
166.07 169.80 176.08 182.06 189.83
Total 132/20/0.4kV              p/kWh                                                                  
Network Cost                   £/kWp                   
 
 
 
36.56
56.00
125.17
Total 20kV Network Cost     p/kWh                                                                  
£/kWp                   
Total 0.4kV Network Cost    p/kWh                                                                  
£/kWp                   
4.80
6 sub/km2
1.63
3.13
22.58
1.00
0.01
20kV
0.4kV
132/20/0.4kV Direct Transformation
1.06
0.58
2.64
 
 
 The overall minimum total cost is achieved when a configuration of 0.02 
substations/km2 (132/20kV) is chosen to supply the 20/0.4kV substations with a 
cost of around 166.07 £/kWp.year. 
 It can be noticed that the minimum investment cost is about 1% less 
expensive for 132/20kV case study when compared to 132/11kV. Excluding the two 
first scenarios, it can be said that, on average, the 20kV network would be about 2% 
to 3% more expensive than considering 11kV system. However, as seen before, 
there could be voltage problems to consider with these designs. This means that it 
can only be concluded what’s the right strategy to adopt after doing a voltage 
assessment which will be detailed later on. 
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 Analysing the details of the equipment, it’s clear that in the 132/20kV case, 
smaller cross-section overhead lines are more commonly used. This is clear 
comparing the table above and the one concerning 132/11/0.4kV since the cost of 
300mm2 conductor for the case using 11kV network is more than twice (reaching 
five times higher) than the 20kV network for all the number of substations 
considered. Also, an increase in the cost of 95mm2 line is perceived in the second 
case. This conductor size is, by far, the mostly used throughout the network as it can 
be witnessed by the feeder length row.  
 Establishing a comparison between the cost of losses, the network with 
higher nominal voltage has lower level of losses. In fact, total losses using 11kV 
system are higher for every substation/km2 scenario. Their value is almost 1.5 times 
higher than the registered using 20kV voltage network when using 0.02 
substations/km2. However, the comparison ratio softens as the number of 
substations used increase. Due to long HV feeders, losses in overhead lines have 
significant values, especially for low number of substations/km2, when compared to 
four voltage levels system.  
 
 When using the three voltage levels approach applying 11kV, the minimum 
system losses are obtained with 0.04 substations/km2. Confirming what was 
previously explained, it is easily noticeable that the conductor losses play a major 
role for low number of substations/km2. Due to the long feeders used in rural 
systems, I2R losses tend to be high. 
 When using 20kV nominal secondary voltage, the losses show the same 
trend. They reach a minimum point of 1.75% when using 0.03 substations/km2 and 
start linearly increasing onwards as seen in Figure 6.40. On the minimum point, 
losses in overhead lines are over 50% of overall losses indicating, once again, the 
long feeders used in the three voltage layers approach. 
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Figure 6.40 – Breakdown of network losses using four voltage levels design (132/20kV transformer 
and 20kV OHL losses) 
 
Comparing Figure 6.6 and Figure 6.40, it can be concluded that using 20kV 
voltage system would result in significant lower losses especially when using few 
substations to supply the LV network. With 0.03 substation/km2 scenario, there is a 
losses reduction of about 30% from 11kV to 20kV design. On the optimal losses 
point, the reduction is around 22% in favour of the 20kV approach.  
 
 Concerning cost of equipment, investment costs linked with a 132/20kV 
transformation are higher than 132/11kV. When a few number of substations used, 
the difference is minimal but this dissimilarity rises with the increase of the 
substations installed. For the 4 last substations/km2 scenarios, the difference range 
from 4% to 12% in the total equipment cost. The main difference is the cross-
section of conductor used and the higher cost of 132/20kV substations. Moreover, 
the results translate the influence of operating networks with higher nominal voltage 
resulting in higher loaded lines. The fact that in the 11kV network more 300mm2 
conductors are used proves this fact. On the contrary, lines with smaller cross-
section like 185mm2 and even 95mm2 are more often used in 20kV networks. 
Figure 6.41 also show that too many substations will make network too expensive, 
as previously seen in Figure 6.10. When there are few substations, these will supply 
lots of customers with long and thick feeders. The fewer substations there are, the 
more representative the cost of ticker lines will be. 
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Figure 6.41 – Breakdown of equipment cost using three voltage levels (132/20kV substation and 20kV 
network components) 
 
Results elucidate the increase in the cost of substations with an increase in 
its number. However, with an increase in the number of primaries, the amount and 
the cost of lines installed, particularly 300mm2 size, decreases. Since the substations 
are the most expensive component of the network, the total cost is linearly 
increasing with the increase in its number. Only when using the fewest 
substations/km2 considered, the cost of losses is significant enough to make a 
difference in the optimal network design choice. Its value is 1/6 of the total 
investment cost leading to the choice of the nest number of substations case to be 
chosen as an overall minimum as seen in Figure 6.42. 
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Figure 6.42 – Total investment cost for 132/11kV scenario 
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Figure 6.43 – Total investment cost for 132/20kV scenario 
 
Looking at Figure 6.43, since the overall minimum costs are obtained with 
fewer substations/km2 the voltage limits have to be checked. If too few substations 
are installed, then feeder will become too long and voltage drop can exceed 
statutory limits.  
It was seen before (Figure 6.16) when using 11kV network that for 0.02 
substations/km2 voltage falls under statutory limits for some network ends 
(11/0.4kV substation’s primary). This way, the case when using 0.03 
substations/km2 could be considered. Its inherent total cost for this scenario would 
be 170.56 £/kWp.year. 
 
 The voltage histograms for the 20kV network when using 132/20kV direct 
transformation are presented in Figure 6.44. Once again, although the minimum 
total cost is found when using the fewest substations possible, the voltage drop is 
the main constraint. However, when using more than 0.02 substations/km2 the 
voltage is always kept above the lower limit for all bus bars across the network. 
Thus, the optimal network design for the 20kV network has a total investment cost 
of 166.07 £/kWp.year.  
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Figure 6.44 – Histogram of voltage for 20kV network using 132/20kV direct transformation for 
different substation/km2 scenarios 
 
 
6.4. Reliability assessment 
 
Phasing out of 33kV voltage level will generally result in higher substation 
capacity and longer feeders to serve the same amount of load for a given area. This 
brings about the question of reliability and its inherent consequences. Statistics 
(Ofgem, 2006) has shown that 80-90% of CI and CML contribution originated from 
11kV and 0.4kV, in which 11kV is dominant over 0.4kV as Figure 6.45 illustrates.  
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Figure 6.45 – Average proportion of CI (a) and CML (b) by voltage level in Great Britain 2005/06 
 
Preliminary work has been carried out to determine the sensitivity of CI and 
CML towards different design approaches. A design strategy for a given network 
may not be optimal if reliability performance is not taken into account. Hence, this 
research includes a high level analysis of CI and CML for the designs proposed so 
far. 
The three voltage levels reliability performance is expected to be poorer than 
the four voltage levels design as the first generally has longer 11kV feeders and 
serves higher number of customers. 
In order to perform a fair comparison, there is the need to calculate the 
investments to level up the three voltage levels design reliability performance to a 
level compared to the four voltage level design. There are a number of ways to 
improve the network reliability performance. Amongst others, deploying of 
protective device, increase the substation density and employ network automation 
are just a few and will be considered in this study.  
 
 
6.4.1. Reliability improvement on urban network design 
 
There is a reduction of CI as the number of breakers installed increases. The 
maximum level of CI and CML improvement for a simple uniformly distributed 
feeder is 25% and 50% respectively for one mid-point breaker installed at main 
feeder with normally open point (Brint, A. T., et al., 1998). 
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Another option to improve reliability indexes is by increasing the network 
substation density, reducing the average feeder length. Hence, the number of 
customers exposed to outage per interruption can be greatly reduced too. This 
results on an improvement of 30% for CI and 20% for CML, on average. 
 
The reliability evaluation approach used was based on the failure event 
oriented technique (Billinton, R., et al., 1996), applicable to radial network, 
including meshed system but radially operated. The CI and CML calculation was 
based on the assumption that all underground feeders have average failure rate of 
0.05f/year.km and 4 hours repair time. The base case study assumes one main 
circuit breaker installed at the beginning of the main feeders. In addition, all the 
11kV main feeders are equipped with normally open link box which enables the 
feeder to be re-supplied by an adjacent feeder when a fault occurs. This has the 
potential of significantly improving the CML performance. 
 
The improvement of reliability performance for the direct transformation 
approach to a level as in the four voltage levels design cannot be achieved by just 
deploying more circuit breakers. The maximum CI improvement would be 50%, in 
which all branches would have installed a circuit breaker which makes this solution 
quite unrealistic and impractically expensive.  
Trying to solve this issue, an extra 132/11kV substation is considered at the 
planning stage for the three voltage levels design. Adding extra substations reduces 
the average feeder length, hence reducing the number of customers served per 
feeder and therefore improving reliability performance. In addition, a maximum of 
three extra circuit breakers can be installed at 11kV main feeders to improve the 
direct transformation design reliability performance. 
 
Figure 6.46 and Figure 6.47 show the CI and CML performance 
improvement by adding an extra mid-point circuit breaker and an extra substation at 
11kV network. By deploying an extra circuit breaker at the middle of the feeder, an 
improvement is achieved on the CI of 25%. A further reduction of 30% could be 
accomplished by installing an extra substation so that feeder length is reduced and 
the number of loads affect on the event of a fault is reduced. 
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The CI for 11kV network has been improved from 51 to 23 customer 
interruptions, which is comparable to the performance of the four voltage levels 
design (20 customer interruptions). In addition, the CML performance has been 
greatly improved to a level better than the performance in the four voltage levels 
design. 
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Figure 6.46 – Improvement of CI by one extra substation and midpoint breaker 
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Figure 6.47 – Improvement of CML by one extra substation and midpoint breaker 
 
Assuming a unity cost for each underground circuit breaker of £20,000, the 
total reliability investments were calculated: 
Total investment   = 1 Substation cost + 1 CB per feeder 
 = 1,420,000 + 3 x 15 x 20,000 = £2,320,000 
 = 0.2 £/kWp.year 
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 The total cost related to reliability (extra one substation and extra circuit 
breaker in every feeder) for three voltage level design resulted in 0.2 £/kWp.year 
which is almost insignificant (1.2%) compared to the total cost of the 11kV network. 
The extra investment cost needed to improve reliability in the direct transformation 
132/11kV scenario is considered manageable when compared to the saving it made 
versus the four voltage level design in urban network design. 
 
Table 6.8 shows the reliability performance for both four voltage and three 
voltage levels design and the associated cost to level up the reliability performance 
in direct transformation design. 
 
Table 6.8 – Urban CI and CML cost assessment 
Urban Case CI CML  
Extra cost for 
reliability 
(£/kWp.year) 
Total network cost for 
reliability improvement 
(£/kWp.year) 
Total network 
cost 
(£/kWp.year) 
4 Voltage levels 
(11kV network) 
20 48 ----- ----- 
11.80 + 16.28 
28.08  
3 voltage levels 
(11kV network) 
22.95 36.9 
0.074 (1 CB) 
+ 
0.116 (1 sub) 
0.2  
16.42 + 0.2 = 
16.62  
 
 
6.4.2. Reliability improvement on rural network design 
 
In order to improve the reliability performance in rural area for the design 
considering direct transformation 132/11kV to a level comparable with four voltage 
levels design, extra substations are needed as to reduce the long feeder length 
characteristic of rural areas. The increase in the number of substations/km2 is the 
only measure capable to level the reliability performance in a way that is achieves 
values comparable to the four voltage levels approach since deploying circuit 
breakers would not be sufficient. Therefore, an extra 3 (132/11kV) substations need 
to be installed. As a consequence, the CI and CML performance is improved about 
40% at 11kV level.  
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An extra circuit breaker costing £25,000 for OH feeders are installed on 
every 11kV main feeders exiting the substations. The main feeders are assumed not 
to have interconnection with neighboring feeders via normally open link box as the 
distance between two main feeders in rural area may prevent this to happen due to 
possible voltage drop constraints. Due to this, the level of improvement in CML by 
installing extra circuit breakers in rural 11kV main feeder is less when compared to 
urban short 11kV feeder with normally open link resulting on an improvement of 
about 20%. 
As in the urban case, the (Billinton, R., et al., 1996) technique was used for 
the reliability evaluation. The CI and CML calculation was based on the assumption 
that all overhead feeders have average failure rate of 0.1f/year.km and 8 hours repair 
time. The base case study assumes one main circuit breaker installed at the 
beginning of the main feeders. 
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Figure 6.48 – Improvement of CI by extra three substations and extra two CB 
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Figure 6.49 – Improvement of CML by extra three substations and extra 2 circuit breakers 
 
From Table 6.9, the contribution of CI and CML from three voltage levels 
design in rural area is unacceptably high if compared to the same design for urban 
case. This is mainly due to the long overhead feeders required to reach the far end 
customers as well as the higher failure rate of OH and longer repair time. 
 
Table 6.9 – Rural CI and CML cost assessment 
Rural Case CI CML  
Extra cost for 
reliability 
(£/kWp.year) 
Total network cost for 
reliability improvement 
(£/kWp.year) 
Total network cost 
(£/kWp.year) 
4 Voltage levels 
(11kV network) 
92 439 ----- ----- 
14.52 + 26.28 = 
40.80  
3 voltage levels 
(11kV network) 
90 432 
0.177 (1 CB) 
+ 
0.456 (3 sub) 
0.63  
42.70 + 0.63 = 
43.33 
 
 The total network cost for three voltage levels design including the 
investment to improve reliability would result in a total cost higher than the four 
voltage levels design for rural systems. 
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6.5. Robustness of design policy to key parameters 
 
In order to test the sensitivity of the urban and rural network designs, a 
change in key input parameters was simulated. The objective was to find robustness 
of adopted distribution network design in respect to variables that are very likely to 
change in the future such as the price of electric energy and the capital cost of assets. 
This way, the design policies proposed can be validated an applied in the future 
even when these parameters vary. 
 
6.5.1. Sensitivity of distribution network design to 
electricity prices 
 
As explained in Chapter 5, the optimum conductor sizes have been 
calculated using the minimum life-cycle cost method which includes cost of losses. 
Cost of losses depends on the cable size, current through the conductor and the price 
of electric energy at each half-hour. The optimal design described before has been 
achieved using the spot price diagram for 2006 where the average price of electric 
energy during a one year period is 38.6 £/MWh. 
The price of electric energy is influenced by many factors and its future 
trend is not easy to predict. However, it is possible to do optimal design using 
different prices and to check by how much the adopted design is sensitive to a 
change in price. 
The one-year spot price diagram has been multiplied with different values in 
order to get different value of the average energy price. This means that electric 
energy price for each half-hour was multiplied by 1 (design described in 6.2), 2 and 
3. This way, the average energy price has been changed and design has been done 
with prices of 100%, 200% and 300% of regular spot price. 
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6.5.1.1. 11kV network sensitivity analysis 
 
Figure 6.50 shows how the change in electricity price affects the selection of 
optimal conductor size. As the electricity price increases, the minimum life-cycle 
methodology favours the conductor with higher cross-section. This is mainly due to 
the fact that when the cost of losses increases, the optimal current which balances 
the cost of losses and the cost of investment will increase too. As a result, the 
proportion of thicker cables increases with the electricity price. The total cable 
length for double (EPx2) and triple electricity price (EPx3) exceed 100% of the base 
case EP1. This is because more cable trenches in case EP2 and EP3 are being 
installed with multiple conductors (example, 2x300mm2) 
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Figure 6.50 – Proportion of cable size for different multiple of electricity price 
 
The analysis of Figure 6.51 shows that the percentage of losses decreases 
with the increase in electricity price. As explained before, the increase in electricity 
price increase the cable cross-section and this, in turn, reduces the I2R losses. 
However, the transformer losses remain constant since the number of substations is 
not affected by the change in the electricity prices. It would be needed a bigger 
variation to alter the optimal number of substations for urban desing. The 
transformer losses are dominant over cable losses due to the fact that each 
substation is installed with two transformers to comply with ER P2/6 minimum 
security of supply requirement.  
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Figure 6.51 – Network losses for different multiples of electricty price 
 
The proportion of losses stays in the small range of 0.63 to 0.65 percent for 
electricty prices multiples ranging from 1 to 3. As a consequence, the increase in the 
cost of losses is proportional to the increase in the  electricity prices as shown in 
Figure 6.52. 
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Figure 6.52 – Cost of losses for different multiple electricity price 
 
Although the network design with larger conductor cross-section improves 
the voltage drop profile, the magnitude of improvement did not originate a 
reduction in optimal number of substation. This is because in urban area, feeders are 
shorter and thicker and, hence, voltage profile is not a weakness and there is not 
much room for improvement.  However, the total network cost increases largely due 
to the increase in cost of losses as shown in Figure 6.53. 
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Figure 6.53 – Total network cost and the optimal substation density for different multiples of 
electricity price 
 
Concluding, the adopted optimal network design is not sensitive to the 
change in electricity prices. However, the changes in electricity price influence the 
optimal component design, particularly at choosing the optimal cross-section of 
cables. 
 
6.5.1.2. 33kV network sensitivity 
 
Similar conclusion for 33kV network can be drawn, where the increase in 
the electricity prices tends to increase the optimal cross-section of network cable, 
reduce I2R losses in cable as well as the cost of losses increase proportionally to the 
increase in electricity price. In addition, the increase in electricity price does not 
change the optimal substation density. 
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Figure 6.54 – Proportion cable size for different multiples electricity price (33kV) 
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Figure 6.55 – Network losses for differerent multiples electricity price (33kV) 
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Figure 6.56 – Cost of losses for different multiples electricity price (33kV) 
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Figure 6.57 - Total network cost and optimal substation density for different multiples of electricity 
price (33kV) 
 
 
6.5.2. Sensitivity of distribution network design to 
assets capital cost 
 
In a similar way to the electricity prices, the assests capital costs were 
multiplied by factors of 1, 2 and 3 so that the sensitivity of network design to future 
variation of equipment prices can be assessed. 
Figure 6.58 shows the proportion of cable size for different multiple of 
equipment price. The result illustrates that when the equipment price (capital cost 
for cable, capital cost for transformer and capital cost for substation) increase, the 
optimal design favours the less expensive equipment component, i.e. cable with 
smaller cross-section. This is due to the minimum life-cycle method used in 
optimising the conductor size, which balances the cost of capital investment and 
cost of losses. Therefore, it can be verified an increase in the utilisation of the 
95mm2 cable a decrease on the percentage of utilisation of the 300mm2 cross-
section conductor. 
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Figure 6.58 – Proportion of cable size for different multiples of equipment price 
 
Smaller conductor with higher impedance will increase the I2R heat losses in 
the cable. Doubling the equipment price increase the line losses for about 1/3 from 
its orignal value as depicted in Figure 6.59. 
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Figure 6.59 – Network losses for different multiples of equipment price 
 
As expected, the cost of losses increase linearly with the increase in 
equipment price as shown in Figure 6.60. However, the increase is not very 
significant due to the fact that the electricity price is kept constant. 
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Figure 6.60 – Cost of losses for different multiples of equipement price 
 
The increase in equipment price increases the total network cost as expected. 
Although the network choose smaller conductor cross-section, which may derive 
voltage problems, the impact is not significant enough to cause changes of optimal 
substation density in urban 11kV network. This is because the urban network cable 
size has been optimised with respect to losses. 
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Figure 6.61 – Total network cost and optimal substation density for different multiples of electricity 
price 
 
The increase in equipment price resulted in network design which prefers 
smaller size cables. This in turn increases the cable I2R heat losses as well as the 
cost of losses. However, the decrease in network conductor cross-section has not 
cause serious voltage drop problem. Therefore, the optimal substation density 
remains the same for different multiple of equipment price. 
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6.6. Conclusions 
 
The methodologies and tools explained in chapter 2 to 5 were used to 
achieve key recommendations for future design of rural and urban networks using a 
long-term loss inclusive approach. Using the generic network tool for modelling 
multi voltage level networks, it was possible to estimate the overall system costs for 
networks with three or four voltage levels. The major results obtained are compiled 
on Table 6.10 and Table 6.11 for rural and urban systems respectively.  
 
Table 6.10 – Summary of total costs for rural optimal network design for three and four voltage levels 
approach 
Voltage level
0.015sub/km2
Equipment Cost            (£/kWp.year) 14.52
0.03sub/km2 0.06sub/km2
Equipment Cost            (£/kWp.year) 45.39 Equipment Cost            (£/kWp.year) 26.28
Equipment Cost            (£/kWp.year)
6.54 6.36
170.56 165.97
Total Network Cost            p/kWh                                                                                     
£/kWp                   
0.4kV
6 sub/km2
125.17
132/11/0.4kV Direct Transformation 132/33/11/0.4kV
33kV
11kV
 
 
 As explained before, the main constraint when designing low load density 
networks is permitted voltage drop. In order to avoid possible voltage limits 
violations, it is necessary to increase the number of primary substations which 
reduces line lengths, the loading of the conductors and, consequently, voltage drop. 
This means that HV and EHV rural networks are designed to perform near their 
voltage limits.  
 The majority of the cost in rural areas is associated with lines and their 
installation. Most of conductors used have cross-sections of 95mm2 and 185mm2. 
The 300mm2 line is used more frequently in direct transformation design with fewer 
substations/km2 as less substations lead to thicker conductors. 
 Also, transformer fixed losses take a dominant role in the overall losses 
when adopting four voltage levels. This is due to the large number of transformers 
used. The same does not happen when considering three voltage levels as number of 
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substations/km2 is considerably reduced. For both cases, when optimal design is 
reached, transformer losses assume preponderance on the overall losses and so the 
use of high efficiency transformers with low fixed losses should be recommended. 
 The optimal number of substations for direct transformation 132/11kV is 
approximately one third of the considered for four voltage levels. Although judging 
by its rating, number of substations in direct transformation should be four times 
smaller than when considering 33kV voltage level; this is not the most 
cost/beneficial solution due to balance between cost of substations and lines. 
 
 As for the discussion on whether to abolish the 33kV network in rural 
scenarios, the three level network is proven to have a higher cost than the four level 
design. Moreover, there are voltage problems to consider when extending the 11kV 
network to cover 33kV currently in use in most of DNO’s networks. The 11kV 
feeders will become very long and voltage drop will be a major constraint when 
planning the network. When the optimal design in terms of overall costs is achieved, 
there are voltage problems in few bus bars. The solution for this is either increasing 
the cross-section area of the conductors or, more likely, to increase the number of 
substations. Another very important issue related to long feeders is reliability. CI 
and CML deteriorate with the increase in the length and it is a weakness of rural 
systems. Hence, for sparse, low load density rural systems, opting to abolish 33kV 
network does not reveal to be a cost-efficient solution. 
 
Table 6.11 – Summary of total costs for urban optimal network design for three and four voltage 
levels approach 
Voltage level
0.15sub/km2
Equipment Cost            (£/kWp.year) 11.80
0.2Sub/km2 0.5sub/km2
Equipment Cost            (£/kWp.year) 16.42 Equipment Cost            (£/kWp.year) 16.28
Equipment Cost            (£/kWp.year)
4.20 4.69
99.82 111.47
132/11/0.4kV Direct Transformation 132/33/11/0.4kV
33kV
11kV
0.4kV
16 sub/km2
83.40
Total Network Cost            p/kWh                                                                                     
£/kWp                   
 
 
 The majority of the cost in urban areas is associated with substations and its 
construction. The majority of transformers used have high capacity ratings and are 
installed indoor which results in high levels of investment.   
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 The total cost of the network is dominated by the cost of equipment. The 
relationship between total annual cost and number of substations tend to increase 
linearly. This is explainable due to the increase in the cost of losses and the need to 
use two transformers to abide by the Security of Supply Recommendation.  
 Installation cost of cables represent an important part of the equipment cost, 
especially for the low number of substations used. As the number of substations 
increases, its preponderance in overall cost also increases. The purchase cost of 
cables is relatively low when compared to the cost of installation. Moreover, this is 
kept constant no matter the cross-section area of the cable to be used. This justifies 
investing in higher cross-section cables with low utilisation so that low losses are 
achieved without over-investment.  
 There is a significant higher percentage of losses in HV and EHV rural 
networks when compared to urban systems since the amount of equipment used on 
HV and EHV level increases.  Also, transformer losses take a dominant role in the 
overall losses when adopting four voltage levels. Cable losses are only about 1/3 of 
the overall losses. This is due to the large number of transformers used in order to 
avoid voltage drop problems. The same does not happens when considering three 
voltage levels as number of substations/km2 is considerably reduced and feeder 
length increases. On this case, cable losses reach 47% of total losses. For both cases, 
when optimal design is reached, transformer losses assume preponderance on the 
overall losses and so the use of high efficiency transformers with low fixed losses 
should be recommended. 
 The influence of cost of losses in overall investment changes with the 
voltage level and with the type of network considered. For urban LV network, cost 
of losses is only 6.1% of overall LV network cost and for rural LV is less than 4.7%. 
Their importance starts increasing when the voltage levels goes up. For 11kV losses 
reach 8.3% and for 33kV network losses are approximately 14%. For rural 11kV 
and 33kV networks losses are similar, about 10%. This trend is more evident for the 
direct transformation scenario having 10% and over 11% for urban and rural 
networks respectively. This translates the previously explained increase in the 
length of cables and number of substations necessary to satisfy voltage constrains. 
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Figure 6.62 – Percentage of cost of losses in overall total investment for each voltage level for urban 
and rural networks 
 
 As previously discussed, the optimal number of substations for direct 
transformation 132/11kV is less than half of the considered for four voltage levels. 
Although judging by its rating, number of substations in direct transformation 
should be four times smaller than when considering 33kV voltage level; this is not 
possible due to balance between cost of substations and cables and, also, voltage 
restrictions. 
 
 In urban scenarios, the three voltage level design network is proven to have 
a lower annual investment cost when compared to the four voltage levels design. 
Savings of over 11.7 £/kWp.year can be achieved when designing a three voltage 
layer network to supply an urban area with statically similar characteristics. 
Moreover, there are no voltage problems to consider when extending the 11kV 
network to cover 33kV currently in use in most of DNO’s networks since the area is 
relatively small and there is a high load concentration. Hence, for high load density 
urban systems, opting to abolish 33kV network can be very good cost-efficient 
solution. According to the statistics, 80% of the UK population live in cities, 
totalising 47 million urban inhabitants.  
 One important issue related to three voltage levels design is reliability. CI 
and CML deteriorate with the increase in the length and can become a problematic 
and costly problem. However, after a high level analysis it was proven that for 
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urban systems, only a minor of investment was required to improve reliability 
performance to the same levels as when using four voltage levels design.  
  Another important result to be underlined is that for both urban and rural 
networks, the cost of LV equipment dominates largely the total costs. Therefore, 
optimum system design should use as few distribution substations as possible whilst 
serving the consumers within the regulatory constrains. Same conclusion can be 
drawn for primary 132/11kV or 132/33kV, and 33/11kV substations, i.e. the 
minimum network investment cost is achieved when the fewest substations are used 
while serving the consumers within the limits. 
 The majority of the total investment cost is dispended on the LV network 
and so, as a consequence, the number of primary substations HV and EHV) does not 
affect as much the total cost. However, it can be said that for both urban and rural 
cases, the value of losses influences the choice of the optimal number of primaries 
to be use in order to minimise the costs.  
 For LV networks, the cost per MVA of energy supplied increases with the 
decrease in load density. In rural areas, longer overhead lines mounted on poles 
cause higher installation costs. Also, with a decrease in load density, the percentage 
of HV conductors increase leading to an augment in the percentage of HV network 
cost. Since LV equipment cost is still dominant, it is not recommended to serve 
large sparse rural areas with LV network, but it is advised to used HV and EHV 
lines for longer distances.  
 
 After assessing whether adopting three voltage levels rather than the 
currently in use four voltage layers for rural systems, it was concluded that it was 
not technically recommended or economically beneficial to implement direct 
transformation 132/11kV. One of the main reasons for increasing the cost of the 
system with three voltage levels was the voltage constrains. Very long feeders 
resulting from the 11kV and 33kV network length would make the number of 
substations increase so that voltages are kept within limits. This will results in an 
over-expensive network. In the attempt to solve these voltage problems but keeping 
the potential economic benefits of having three voltage levels, another approach was 
then to consider the use of 20kV instead of 11kV network in rural systems. 
 The results from this assessment have shown that voltage problems do not 
occur when using significantly less substations if nominal voltage is to be increased. 
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When comparing scenarios using 11kV and 20kV, voltage limits are respected for 
all bus bars of the network for 0.03 and 0.02 substations/km2 respectively. Since 
rural systems are planned focusing on minimum number of substations to keep 
voltage within limits and although 132/20kV transformers are little more expensive 
than 132/11kV resulting on a significant economical benefit. Although the first case 
study is more costly, it can be said that, in average, the 20kV network would be 
about 4% to 12% more expensive than considering 11kV system. As a matter of fact, 
establishing a comparison between the optimal design of the frequently used four 
voltage system (132kV, 33kV, 11kV and 0.4kV) and the optimal design using 
132/20kV direct transformation (132kV, 20kV and 0.4kV) this last case is proven to 
have higher total cost (investment and operational cost). The total costs are 
summarised in Table 6.12 where it can be seen the costs associated with each 
voltage level used. Comparing 132/11/0.4kV design with four voltage levels 
approach it can be concluded that opting for direct transformation system would 
have a higher total investment cost and, hence, not to be worthwhile economically 
attaching reliability problems as well. However, when the 132/20/0.4kV design is 
considered, there would be a save of about 4.49 £/kWp.year. Furthermore, in this 
design, no voltage problems are expected for the number of substations/km2 
scenarios presented in Table 6.12.  
 
Table 6.12 – Summary of total costs for rural optimal network design for 132/20kV, 132/11kV and 
four voltage levels approach 
Voltage level
0.015sub/km2
Equipment Cost                    (£/kWp) 14.52
0.02Sub/km2
Equipment Cost                    (£/kWp) 40.90
0.03sub/km2 0.06sub/km2
Equipment Cost                    (£/kWp) 45.39 Equipment Cost                    (£/kWp) 26.28
Equipment Cost                    (£/kWp)
6.37 6.54 6.36
166.07 170.56 165.97
Total Network Cost            p/kWh                                                                                     
£/kWp                   
0.4kV
6 sub/km2
125.17
132/33/11/0.4kV
33kV
20kV
11kV
132/20/0.4kV Direct Transformation 132/11/0.4kV Direct Transformation
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7. CHAPTER 
 
 
IMPACT OF DISTRIBUTED 
GENERATION 
7.  
7.1. Overview 
 
In today’s power systems, electrical power is mostly generated in large 
power plants that are commonly located where sources of fuel are accessible to 
avoid high costs inherent to its transportation. The generated power must often be 
transmitted over long distances before it reaches the final consumer. The shortage 
and rising prices of fossil fuel as well as the public awareness about environmental 
issues all stimulate interest in novel and alternative solutions of electric power 
generation. A possible solution involves the widespread commissioning of small
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DG units that utilise renewable energy sources or deliver heat and power 
simultaneously. 
  Microgeneration is defined in section 82 of the Energy Act 2004 as the 
small-scale production of heat and/or electricity from a low carbon source. The suite 
of technologies caught by this definition includes solar (photovoltaic (PV) to 
provide electricity and thermal to provide hot water), micro-wind (including rooftop 
mounted turbines), micro-hydro, heat pumps, biomass, micro combined heat and 
power (micro CHP) and small-scale fuel cells. These technologies potentially have 
much to offer in helping to achieve the objectives of tackling climate change, 
ensuring reliable energy supplies and dealing with fuel poverty. As well as 
providing low carbon energy to homes and small commercial buildings, 
microgeneration can provide the same service to community buildings, such as 
leisure centres and schools. In such premises, not only does the microgeneration 
installation help to reduce carbon emissions; it can also help to educate and inform 
communities about energy and, hopefully, persuade people to reduce their own 
carbon footprint. 
 Up to now, electrical distribution networks have been designed and operated 
based on the assumption that the energy always flows from the substations to the 
final customers on HV and LV networks, without ever going the other way. On the 
other hand, recent technical developments and deep changes in the electricity 
industry are expected to favour the fast spreading of DG. In particular, after the 
introduction of competitive energy markets, the number of small/medium size 
generators connected to distribution systems is expected to increase.  
In 2004 there were approximately 82,000 microgeneration installations in 
the UK and in 2007 about 100,000 according to the Energy Saving Trust (EST). Yet 
a study commissioned by the DTI from the EST (Energy Saving Trust, 2004) 
suggested that by 2050, microgeneration could provide 30-40% of the UK's 
electricity needs and help to reduce household carbon emissions by 15% per annum. 
There is clearly some way to go to achieve this potential. 
The proposed tool assesses the technical and economical impact of 
microgeneration on existing networks. Also, suggestions and recommendation are 
made for optimal network planning considering DG. Moreover, the unbalance 
effects resulting from the deployment of single-phase generation are examined. 
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Such impact has not been detailed in previous studies and represents a new feature 
of added value of this project.  
 
 
7.2. Integration of distributed generation 
 
The integration of DG into the distribution network presents challenges, as 
the UK’s low voltage network was neither designed nor built for the integration of 
distributed generation. 
There are very few real tests of the impact of large scale penetration of DG 
units on distribution networks. Demonstrations of geographic clusters of 
microgenerators, such as PV systems totalling over 1.3MWpeak in one area of 
Amersfoort in the Netherlands (IEA Photovoltaic Power Systems Programme, 
2007), have tended to be on new-build housing, and therefore with new electricity 
networks, thus giving little indication of likely effects if similar penetrations were to 
be installed within existing networks. A counterexample is that in Ota City, Japan 
(NEDO, 2007), where over 550 PV systems totalling over 2.1MWpeak have been 
installed on existing buildings in one local area. Also, in UK, The Lovell homes 
partnerships development in East Manchester of some 500 modern domestic 
dwellings, each with a 1kWe WhisperGen domestic CHP unit, is the first of its kind 
in Britain (Beddoes et al., 2007).  
Since there is a range of distribution network designs and operating 
procedures across Britain, each DNO will need to examine its own network to 
understand when network reinforcements or modifications to operating procedures 
will be necessary. Furthermore, previous studies in the UK have tended to use very 
simplified models of both networks and loads (Ingram et al., 2003), (Mott 
MacDonald, 2004). The flexibility of the presented tool allows the study of the 
impact of microgeneration on generic network and, hence, it is possible to model 
any type of network as the user wants. This will permit that statistical conclusions 
can be drawn about the operation and optimisation of the network. Moreover, these 
conclusions can be applied by each network operator to their characteristic networks, 
being either rural or urban systems.  
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 In order to study the impact of microgeneration on distribution networks, 
typical urban and rural systems were generated by the developed software. These 
networks have the representative characteristics of such areas as explained before on 
Chapter 5. An urban network was created as a base case with 5MVA/km2 of load 
density supplied by different scenarios of number of substations in order to assess 
the impact of DG on the losses depending on the number of substations. Network 
components, cables and transformers are designed to supply consumers with no 
generation present in their premises. The same approach is used for rural systems, 
which have load density of 0.2MVA/km2. The distribution of customer types used 
to characterise the urban and rural areas is shown in Figure 7.1. 
 
Percentage of consumer types
60%15%
10%
3% 3%
3% 3% 3%
Domestic Unrestricted 
Domestic Economy 7
Non-Domestic Unrestricted
Non-Domestic Economy 7
Non-Domestic Maximum
Demand 0-20% Load Factor
Non-Domestic Maximum
Demand 20-30% Load Factor
Non-Domestic Maximum
Demand 30-40% Load Factor 
Non-Domestic Maximum
 
 
Figure 7.1 – Distribution of consumer types for urban (left) and rural areas (right) 
 
 The effects of the penetration of microgeneration on LV networks are 
assessed using the developed software tool. Determined percentage of load points 
are considered to also have generation and be able to export electricity onto the 
network. This way, the power produced can be consumed on the premises and the 
exceeding generation will be part of the distribution network power flow.  
The growth in DG could be beneficial in deferring reinforcement, but could 
equally have an adverse impact if not addressed by appropriate network measures. 
The most obvious effect of increasing generation is that growth in units distributed 
will be reduced, thus reducing the loading of the network. Provided that embedded 
generation can be optimally sited and is available when needed, it is possible that 
network reinforcement could be avoided in certain circumstances.  
The greatest challenge, however, relates to the ability of small embedded 
generators to withstand disturbances on the distribution system due to their 
relatively low inertia, and the relatively slow speed protection employed on 
Percentage of consumer types
86%
6% 4% 2%1%1%
Domestic Unrestricted 
Domestic Economy 7
Non-Domestic Unrestricted
Non-Domestic Economy 7
Non-Domestic Maximum Demand
0-20% Load Factor
Non-Domestic Maximum Demand
20-30% Load Factor
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distribution systems. The concern is, essentially, that a voltage disturbance 
originating at high voltage could cause a widespread loss of embedded generation, 
thus effectively increasing the load on the distribution network to which the 
generators are connected.  
 
Within the scope of the study are: 
- assess the impact of DG units on the power flow of distribution networks,  
- study the impact of DG units on the voltage profile of distribution networks, 
- assuring the network comply with fault level restrictions, 
- ensuring that standards of power quality are maintained, 
- measure the impact of microgeneration units on losses,  
- determine the optimal network planning design when considering 
microgeneration units. 
 
 
7.2.1. Generation modelling 
 
The connection to a distribution network of any load or generation will 
influence the currents and voltages within that network. Voltage is required to be 
within specified statutory limits and the currents flowing through the network must 
not cause the voltage to be outside those limits restricting the maximum current 
flow. Similarly, components such as cables, transformers and protective fuses must 
be operated within thermal limits. In LV networks, the voltage regulation limit will 
usually be reached before the thermal limit of a line or cable. Therefore, when 
assessing the impact of small-scale generation, voltages and currents must be known 
and so appropriate load flow calculations are required. Having implemented a three-
phase load flow, it is possible to consider single-phase loads as well as single-phase 
generators. This is of vital importance since in LV networks, single-phase systems 
are the most common and almost all microgenerators are of single-phase connection.  
The impact of the microgenerators is modelled using the developed software 
tool where a defined percentage of the costumers also have installed a 
microgenerator capable of exporting energy (excess of energy not consumed by the 
local load) to the grid. 
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Penetration level is defined as the percentage of dwellings (domestic, 
commercial and industrial) with one or more generators connected. All generators 
are assumed to be operating at a unity power factor or to have their power factor 
corrected to unit. 
 Time series load flow calculations are held for each half-hour throughout 
one year in order to determine the exact values of voltage at each node and the 
values of current flowing through each phase of each branch and transformer in the 
optimised LV network. The three-phase load flow detailed in Chapter 3 is used to 
get all the flows and voltages on the network using symmetrical components, 
allowing the use of single-phase loads and generators. These are modelled using 
their after diversity generation profile given that there will be little diversity 
between microgenerators, since their output individually or collectively will depend 
on external circumstances such as ambient temperatures, sunshine levels, etc.  
 
 
7.2.1.1. Micro Combined Heat and Power technology 
 
In recent years there has been much interest in producing new micro CHP 
systems for use in small commercial and domestic environments. If reliable and 
cost-effective systems can be developed for such applications, these could offer 
worthwhile savings relative to conventional systems, such as condensing boilers and 
grid-supplied electricity. A number of micro CHP products are already 
commercially available and others are nearing market deployment, but to date there 
has been limited information available regarding the real-world performance of 
micro CHP systems. 
For small commercial applications, micro CHP devices have been 
commercially available for a number of years. The vast majority of devices are 
based on internal combustion (IC) engine technology, originally adapted from the 
automotive sector, but substantially enhanced for use in micro CHP applications. 
For domestic applications, most currently available and near market micro CHP 
units in Europe are based on Stirling engine technology. Although Stirling engines 
offer lower electrical efficiencies than IC engine systems, they are generally 
considered to be more appropriate for domestic applications as they are quieter and 
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have the potential for a longer operating life. Although a number of fuel cell-based 
micro CHP systems are under development, they are thought to be still a few years 
away from being market-ready products. Therefore, in the short-term, IC engines 
and Stirling engines offer the most viable carbon saving opportunities from micro 
CHP technology. 
The electricity generated is used in the house as long as demand matches or 
exceeds the output level of the micro CHP unit. However, when the household 
demand falls below this output level, the excess electricity is exported to the local 
network. Similarly, when demand in the house is higher than the output of the micro 
CHP unit, electricity will be imported from the grid in the normal manner. 
 Domestic scale micro CHP systems are driven by the heat demand of a 
dwelling. They have an overall efficiency as high as 95.7% where around 28% of 
energy output could be converted into electricity and 67.7% could be useful thermal 
output. The thermal efficiency is similar to the currently available domestic boilers 
used for central heating. Unlike conventional boilers, micro CHP need to function 
for prolonged periods of time at maximum output, instead of cycling on and off. 
Thus, they should be sized to supply the average heat demand. When used in this 
mode of operation, the electricity generated is often greater than the domestic load 
and the excess can be exported to the network. 
 Micro CHP generators are intended to replace central heating boilers 
currently in use by most of dwellings in UK and also Europe. They would produce 
electricity as well as heat. It is expected that their operating times will match those 
of central heating boiler and will be dependent upon the occupancy of the premises. 
Generation will be constant during the heating period since the device would be 
sized to supply the average heat demand and would not repeatedly turn on and off 
like conventional systems. 
 
 Generation at LV level is not yet well understood due to the fact that 
microgenerators have not yet been widely implemented. However, by making some 
assumptions about the generators likely to be used based on existing devices in the 
market and previous reports and field studies (Mott MacDonald, 2004), approximate 
generation profiles may be created as seen in Figure 7.2 and Figure 7.3. 
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Figure 7.2 – Winter weekday after diversity generation profile for domestic micro CHP generators 
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Figure 7.3 – Winter weekday after diversity generation profile for non-domestic unrestricted micro 
CHP generators 
 
 In a similar fashion as described in Chapter 4, the generation of each 
microgenerator is estimated and represented by half-hourly generation profile. 
Depending on the technology, the generation profile will change accordingly. The 
net export will be determined as the difference between the consumption and the 
generation for each half-hour during a one year period. 
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 As there are 8 different types of consumers, there are also 7 different types 
of generation profiles with variations in peak and shape. These profiles need to 
reflect the impact of diversity, recognising different living patterns in households, as 
well as commercial users and also industrial installations. To represent each 
different size of customer with generation, apart from the domestic generation 
profile, there are 2 distinct commercial generation profiles and 4 industrial. In 
Figure 7.2 and Figure 7.3 it can be seen a domestic and commercial micro CHP 
after diversity winter generation profiles respectively. The shape of the industrial 
generation profiles is similar to the commercial as factories are expected to be active 
during labour hours where the CHP generator is always on. However, since the 
thermal requirements of their types of business will be higher, they would have 
installed one or more units of bigger size, depending on the size of the load. The 
size of generator considered was 1.1kW or 3kW for a domestic application and 
varying from 3kW to 30kW for a commercial and industrial user, respecting ER 
G83/1 which defines the capacity constrains for the connection of small-scale 
embedded generators in parallel with public LV distribution networks up to 16A per 
phase, equating 3.68kVA for a 230V single-phase connection. Moreover, to be 
representative throughout the year, all profiles are subdivided by the season of the 
year and the day of the week for the nine characteristic days in a similar way as the 
loads. The detailed hourly values for all the 7 different types of generation profiles 
are shown in Appendix I. All generators are assumed to operate at a unity power 
factor or to have their power factor corrected to unit.  
  
 Analysing Figure 7.4, few observations can be made: 
− The average profile of electricity generation from the micro CHP unit peaks 
at 0.9kW in the morning (around 6-8am) and 1.1kW in the evening (around 
5-8pm). The average electricity demand peaks at around 1kW in the 
morning (around 8am) and at around 1.5kW (around 6-7pm) for winter 
profiles. 
− In the morning, the peak in micro CHP generation happens one to two hours 
earlier than the peak in-house electricity demand. This is likely to be because 
the occupants have set their heating system to come on while they are still 
asleep and well before electrical appliances such as lights, kettles and power 
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showers are switched on. As a result, when the micro CHP unit is generating 
an average of around 0.9kW from 6-8am, a proportion of the electricity 
generated is exported as the average (base load) electricity demand at that 
time is about 0.6kW. 
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Figure 7.4 – Net load of domestic micro CHP for a winter weekday 
 
 
− In the afternoon and evening, the shape of the electricity demand profile 
matches fairly closely with the house electricity generation, with the average 
demand exceeding the average generation for all thirty-minute periods. 
However, if we use a smaller time step and an undiversified load profile 
representation, it is possible to notice several short periods during the day 
when there is a negative net load, meaning there is an export to the network 
as seen in Figure 7.5. This is due to the volatile nature of domestic electricity 
demand. Although the average demand appears to exceed that generated, for 
any a per-minute basis there are still considerable periods where the house 
demand drops below the level of output from the micro CHP unit. 
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Figure 7.5 – Net load of micro CHP for a winter weekday using a diversified load profile with 5 
minutes time resolution 
 
 A similar analysis can be established for the commercial1 and industrial2 
consumers (Figure 7.6) although their load and generation profile’s shapes are 
different from the domestic customer: 
− The average profile of electricity generation from the micro CHP unit peaks 
at 3kW and 21kW during the working hours (7am to 5pm). The average 
electricity demand peaks at around 4.4kW and 28kW in the morning around 
11am and 12pm for commercial and industrial winter profiles respectively. 
− In the morning, the peak in micro CHP generation happens two or three 
hours earlier than the peak electricity demand. This is likely to be because 
the thermal requirements of their activity and the machinery involved. As a 
result, when the micro CHP unit is generating an average of around 3kW  
and 21kW for commercial and industrial respectively, a proportion of the 
electricity generated is exported as the average (base load) electricity 
demand at that time is significantly less. 
 
                                                 
1
 There are two different types of commercial consumers. The detailed values of their load profile 
can be seen in Appendix I 
2
 There are four different types of industrial consumers. The detailed values of their load profiles can 
be seen in Appendix I 
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Figure 7.6 – Net load for a commercial (left) and a industrial customer (right) for a winter weekday 
 
 The aggregated load and generation profile considering the whole system 
with a 100% penetration of micro CHP is represented in Figure 7.7. From the shape 
of the total generation profile, it is possible to notice the preponderance of domestic 
type generators since the shape has the same peaks in the morning and evening. 
Also, it is interesting to see how the size of the micro CHP affect the aggregated 
generation profile and how these effects are different for urban and rural systems. In 
fact, since the big majority of customers in rural areas are of the domestic type, the 
shape of the domestic generation profile is more evident than in urban areas where 
we can find a bigger mix of customers’ types. 
 Moreover, it is also possible to notice the shifted times that different types of 
micro CHP start running. As shown before, the domestic CHP unit starts at 6am and 
the industrial units at 7am as seen on the left of the figure below. On the right, for 
the rural case, the same happens where commercial and small industrial customers 
have their generator set to start at 7am whereas domestic thermal needs force the 
start of the microgenerator one hour earlier. Same analogy can be made for evenings. 
 
 
 
Figure 7.7 – Total system aggregated load and CHP profile for urban (left) and rural areas (right) 
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 The net power flows for winter peak load and correspondent generation is 
shown in Figure 7.8 and Figure 7.9 for different scenarios of penetration of different 
size domestic CHP units. As explained before, it is possible to see the dissimilar 
consumer type distribution for the urban and rural areas. The first, having more 
heavy industry clients and lots of commercial type customers, has a negative import 
of electricity from the grid, meaning it is exporting during the morning hours. This 
is even more evident when we increase the size of the domestic unit where even for 
50% penetration there is an export on to the grid. 
 
 
 
Figure 7.8 – Daily net power flows for urban (left) and rural areas (right) with different penetration 
scenarios of 1.1kW micro CHP 
 
 
 
Figure 7.9 – Daily net power flows for urban (left) and rural areas (right) with different penetration 
scenarios of 3kW micro CHP 
 
 
7.2.1.2. Photovoltaic technology 
 
In recent years, with the development of new materials technologies and the 
increase in the production, PV panels and modules have become significantly 
cheaper and their efficiency is still rising. Improvements in design and production 
-2000
-1500
-1000
-500
0
500
1000
1500
2000
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Tim e (hour)
Po
w
e
r 
(kW
)
Import 0%CHP
Import 50%CHP
Import 100%CHP
-3000
-2000
-1000
0
1000
2000
3000
4000
5000
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time (hour)
Po
w
e
r 
(kW
)
Import 0%CHP
Import 50%CHP
Import 100%CHP
-500
0
500
1000
1500
2000
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time (hour)
Po
w
er
 
(kW
)
Import 0%CHP
Import 50%CHP
Import 100%CHP
-2000
-1000
0
1000
2000
3000
4000
5000
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Tim e (hour)
Po
w
er
 
(kW
)
Import 0%CHP
Import 50%CHP
Import 100%CHP
Chapter 7 – Impact of Distributed Generation 
208 
 
are expected to keep on increasing efficiency which will make this technology more 
and more desirable. 
PV arrays do not need any type of fuel resource in their operation and have 
long, low maintenance, lives. PV power is only produced during daylight hours and 
even then, only when the sunlight is strong enough. PVs are dependent upon the 
weather conditions and also exhibit a seasonal variation on its output. Peak power 
generation is registered in summer when it is more likely for the sky to be clean 
whereas in winter, clouds are expected during daylight hours. The highest 
generation output happens when the sunlight directly reaches the PV arrays. This is 
coincident with general off-peak demand. Moreover, in the UK, the maximum 
output occurs during summer when energy requirements are not so high and, hence, 
load is smaller. Unlike micro CHP technology driven by thermal needs, the PV 
generation times do not match with UK breakfast and tea time power peaks, but 
instead produces its peak at midday, weather permitting. Hence, DNO’s cannot 
account with their aid of the power system at peak times. 
For this reason, when integrated with commercial buildings, PV can be very 
useful in reducing the base load since these buildings tend to be occupied 
predominantly during daytime, having a load profile similar to the PV power 
production. Also, the increasing adoption of air conditioning systems in modern 
buildings raises the summer daytime load which PV can help reduce. 
 
For this specific study, two different maximum outputs of PV generators 
were considered. A smaller generator with maximum output of 1kW and a tripled 
maximum output to 3kW aiming to study whether the increased capacity of a PV 
generator could cause undesirable over-voltages and overloading of the network 
equipment. These capacities are directly applied to domestic customers but for 
commercial and industrial premises, as the roof area is bigger and so is the potential 
for PV installation, the maximum output is proportionally greater, like in the case of 
the micro CHP generators.  
 
The after diversity generation profiles for the three different seasons of the 
year considered for a maximum PV generator output of 1kW are obtained based on 
(Met Office, 1975) and are illustrated in Figure 7.10 and their hourly values are 
given in Appendix I.  
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Figure 7.10 – After diversity PV generation profiles  
 
The average after diversity PV generation, consumption and net load for one 
LV domestic customer for a typical summer day are presented in Figure 7.11. 
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Figure 7.11 - Net load of a domestic PV generator for a typical summer day 
 
Analysing the graph some comments can be made: 
− The average profile of electricity generation from the PV unit peaks at 1kW 
at noon between 12pm and 1pm. The average summer electricity demand 
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peaks at approximately 0.5kW in the morning (around 9am) and at about 
0.8kW (around 6-8pm). 
− At the time the PV generation peaks, the in-house electricity demand is in 
the “afternoon valley”. This is due to the uncontrollable PV generation 
profile driven from the sun light. As a result, when the PV unit is generating 
an average of around 0.9kW from 10am-3pm, a proportion of the electricity 
generated is exported as the average (base load) electricity demand at that 
time is about 0.4kW. 
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Figure 7.12 – Net load of a commercial PV generator for a typical summer day 
 
 Similar analysis can be established for the commercial3 (Figure 7.12) and 
industrial4 (Figure 7.13) consumers: 
− The average profile of electricity generation from the PV unit peaks at 3kW 
and 21kW during 12pm to 1pm. The average electricity demand peaks at 
around 3.5kW and 24kW in the morning around 11am to 1pm for 
commercial and industrial summer profiles respectively. 
                                                 
3
 There are two different types of commercial consumers. The detailed values of their load profile 
can be seen in Appendix I 
4
 There are four different types of industrial consumers. The detailed values of their load profiles can 
be seen in Appendix I 
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− In these cases, the shapes of generation and load profiles are almost 
coincident. As a result, when the PV unit is generating at its peak, the base 
load is also at the highest value. Therefore, PV electricity exports for 
commercial and industrial customers are not likely to assume high values 
and, therefore, have significant impact on the network.  
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Figure 7.13 – Net load of an industrial PV generator for a typical summer day 
 
 
7.3.  Effects of micro CHP in generic typical networks 
 
 A comprehensive series of studies were undertaken considering two main 
cases, urban and rural networks with characteristic load densities of 5MVA/km2 and 
0.2MVA/km2 respectively. CHP generators were considered as single and three-
phase and, therefore, the connection to the network to be balanced or unbalanced. In 
each case, the impact of a number of input parameters was studied. These are: 
number of consumers, number of substations, seed number, season of the year, rated 
power of the CHP devices, percentage of DG penetration and balanced or unbalance 
conditions. The network performance is characterised through voltage, current flows 
and losses. 
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 For each case study, the “worst case” node was always considered and its 
voltage profile is plotted so that voltage restriction can be verified. The current in 
each branch is determined and compared with the cable thermal limit.  
 
In the case studies, the effect of different percentage of penetration is 
analysed. The simulations took into account the different load profiles as well as the 
various generation profiles. Simulations were held for 0%, 25%, 50%, 75% and 
100% of consumers with an installed micro CHP unit in their premises for different 
seasons throughout the year.  
 
Overall LV system losses 
 
In Figure 7.14 and Figure 7.15 it is possible to see the decrease on losses 
with the increase in the penetration of micro CHP. Although in the rural case losses 
decrease for all scenarios of penetration, in the urban case the minimum is reached 
when having 80% of customers with installed generating units. Since in urban areas 
there are more industrial consumers who will have bigger generation capacity 
distributed among fewer substations, when high penetration of DG happens, the 
generation exceeds minimum loads causing reverse power flow. Given that in 
previously used models, cables/lines were designed for a very low utilization, the 
main concern is whether transformers could be overloaded by export of energy from 
the network. However, in the present study (based on the present technology for 
microgeneration), there are no circumstances to register the occurrence of reverse 
power flow through distribution transformers reaching or exceeding their ratings. 
This is on the basis that CHP generation profile was modelled following the 
consumer’s consumption (thermal needs match the time of electrical peaks) and, 
even when installed in all premises, the average capacity of each microgenerator is 
less than the after-diversity maximum demand which was the basis for the selection 
of the transformer rating.  
Considering the mix of the eight different types of consumers on LV feeders, 
it is likely that for most of the time, there will be no export via distribution 
transformers, i.e., most of the surplus energy generated by the micro CHP units will 
simply pass and be consumed by other customers of the LV system.  
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Figure 7.14 - Value of losses for the urban area 
with 5MVA/km2 for different substations 
number and micro CHP scenarios 
Figure 7.15 - Value of losses for the rural area 
with 0.2MVA/km2 for different substations 
number and micro CHP scenarios 
 
As there is a reduction on the total annual energy consumed with the 
increase in the penetration levels, the overall losses are also reduced. For the urban 
case, the maximum reduction is of about 25% to 28% for the different 
substations/km2 scenarios and for the rural case, the reduction is around 26 to 35%.  
 
 Reverse power flows are very likely to occur depending on the penetration 
levels and also on the type and size of the microgeneration units. Figure 7.16 shows 
how the distribution of the different types of generator and its size impacts the 
reverse power flows. For urban systems characterised for having domestic 
customers but also quite few commercial and industrial clients, the reverse power 
flow occurs for 65% of penetration of 1.1kW micro CHP unit and for 50% for 3kW 
size. However, for rural networks with majority of domestic consumers and without 
the presence of heavy industry, reverse power flows start at 78% for 1.1kW unit. As 
the rural network is much more sensitive to operating parameters due to its 
components characteristics, when the size of the microgenerators is increased to 
3kW, after 33% penetration reverse power flow occurs originating higher losses and 
special attention need to be taken so that network elements are not overloaded and 
are operated within established limits. Depending on the context where systems are 
inserted, there could be some cases where the consideration of microgrids in remote 
rural networks could be a viable option, decreasing operational costs.  
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Figure 7.16 – Reverse power flow for the different penetration levels on urban (left) and rural 
networks (right) 
 
 It is known that transformers were projected to handle flow from higher to 
lower voltage levels. Reverse flows of real and reactive power may cause problems 
for the DNO’s voltage control and protection systems as well as metering systems. 
Transformer tap changers may not be adequately rated to accept significant flows of 
reverse real power. The capability to do this is defined by the design specifications 
and is known to vary between 20% and 90% of the nominal capacity (Ingram, S., et 
al., 2003). Considering the worst case of only being able to utilise 20% of its 
capacity for reverse power flow, the size of the transformer for urban areas capable 
of dealing with 100% of 1.1kW micro CHP penetration would be 1.3MVA. This 
would also be suitable for 80% penetration if a 3kW micro CHP was used. For rural 
system, a 600kVA transformer would be enough to cope with 100% penetration of 
the smallest size unit but would only be appropriate for 60% if 3kW 
microgenerators were to be used.  
 
 Voltage 
 
DNOs have the obligation to supply their customers at all points in the 
network at a voltage within specified limits. In UK, voltage levels are requested to 
be within +10% and -6% of the default voltage. LV feeders have to be designed in 
such a way so as to provide even the most remote consumers with acceptable 
voltage levels at both maximum and minimum loads. 
DG units raise the voltage, changing the voltage profile along the feeder. 
Connection of units near transformers has less impact on the network voltage profile. 
Voltage drop is maximum value of all hourly values of current which can be 
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positive (in the case when consumption is greater than generation) or negative (in 
the case when generation is greater than consumption). Because of this in the period 
while generation is greater than consumption we have situation that the voltage at 
the end of the line is higher than at supply point, so we actually have negative 
voltage drop, i.e. voltage rise. 
 
On the several studies held it was possible to verify that, although there is a 
voltage rise (both in minimum and maximum values), the statutory limits are always 
respected. From Figure 7.17 it can be seen that in all cases, the variation of value of 
voltage is kept within limits of 16%. This means that the voltage for all the 
customers in these cases could be maintained within present limits of +10%/-6% on 
230V., although this would eventually require that mean voltage levels would need 
to be controlled by primary substation automatic voltage control set points or tap 
changers on distribution transformers. 
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Figure 7.17 – Voltage profile for urban (right) and rural (left) networks with different scenarios of CHP 
penetration 
  
For urban networks, since very thick and short cables are used, voltage is 
less sensitive to DG penetration. Even for scenarios with very high penetration, the 
maximum rise would be less than 20%. Generators connected close to substations 
are less likely to perturb voltage than those located at the end of the feeder where 
impedance is the greatest. 
 In rural networks, lines are longer and slimmer and more responsive to 
voltage rise due to DG penetration. Nevertheless, the statutory limits are always 
kept within a margin. 
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 Furthermore, different microgenerators technologies will have different 
impact on voltage profiles. For the CHP case, since the generation profile follows 
the load demand, there are no major issues to be addressed. However, if we use 
wind and PV, problems might occur when the load is low and generation is high. 
Therefore, the net export increases and reverse power flows take place. 
Even for high penetration scenarios, voltage limits are respected at all times. 
In fact, microgeneration and especially micro CHP may actually help stabilise 
voltage levels closer to the default value.  
 
Voltage unbalance 
 
Distribution networks have to be operated according to the unbalance limits 
in ER P29. It is a requirement that the deviation on any one phase from the average 
of all the three-phase voltages shall not exceed 1.3%. This is applied to the line-line 
voltages of 33kV, 11kV and 0.4kV levels.  
Large numbers of single-phase microgeneration units connected to an LV 
network could potentially cause voltage unbalance outside of the P29 limits as the 
exported power could be unevenly distributed across the phases. For multiple 
installations of single-phase microgeneration units, balancing the unit generation 
evenly against the load on the phases will need to be considered. 
In order to investigate the degree to which unbalance is caused by high 
concentrations of DG on LV networks or if penetration levels do affect voltage 
imbalance, the generic networks tool was used.  
Voltage unbalance in three-phase distribution systems is a condition in 
which the three-phase voltages differ in amplitude or are displaced from their 
normal 120 degree phase relationship or both. There are several causes leading to 
voltage unbalance such as: 
- The distribution of single and double-phase loads along the network and 
their continuously changing instantaneous demand values; 
- Unbalanced utility supply; 
- Open wye or delta transformers; 
- Unidentified single-phase to ground faults; 
- Unsymmetrical systems, i.e., equipment and phase conductors may present 
different distribution impedance values. (Trichakis, P. et al., 2006) 
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Voltage unbalance is defined as the maximum deviation from the average of 
the three-phase voltages, divided by the average of the three-phase voltages, 
expressed in percentage. 
 
%100
 voltagesphase- three theof average
 voltagesphase- three theof average  thefromdeviation Max 
 unbalance Voltage ×=  
 
Unbalanced voltages can have adverse effects on network components and 
on the electrical network, which is intensified by the fact that small unbalance in the 
phase voltages can cause a large unbalance in the phase currents. 
One of the possible and most common effects of voltage unbalance is to 
degrade the performance and shorten the life of three-phase induction motors since 
they have low negative sequence impedances. Therefore, when a motor experiences 
unbalanced voltages on its terminals, high currents flow which may cause heating 
problems. 
Synchronous machines may also be sensitive to network phase voltages as 
their damper windings will react in the same way as the squirrel cage of the 
induction machines. Moreover, non-characteristic harmonics can be increased as a 
response of power electronics converters to voltage unbalance (Jenkins, N., et al., 
2000). 
 
Using the characteristic urban and rural networks previously described, 
domestic loads (single-phase) were allocated to phase a, b and c so that load 
unbalances were created. This way, microgeneration associated with that customer 
would also be allocated to the same phase as the load. 
In order to assess the unbalance ratio, there is the need to recall the Load 
Unbalance Factor defined in Chapter 4: 
LUF %100×
−
=
PowerphasethreeTotal
PowerindifferenceMaximum
 
 
For each case, three different LUF were modelled in the network: 
- Phase a, b and c with the same load – balanced load conditions; 
- Phase a with 20%, phase b and c with 40% load; 
- Phase a with 15%, phase b with 40% and phase c with 45% load. 
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Generation was connected to the same phase as the customer’s load for the 
case of single-phase connections. Again, varying levels of penetration are simulated 
and, for all scenarios, the daily voltage profile was drawn and the unbalance limits 
checked. 
In Figure 7.18 and Figure 7.19 the daily voltage profile for a balanced urban 
and rural network respectively is shown for the situations when there is no 
penetration of microgenerators and for 50% and 100% of customers having micro 
CHP installed on their premises. The voltage rise effect is clearly noticeable when 
the CHP unit kicks off at 6am and in the evening. There is a rise on voltage peaks 
and average with the increase in penetration. Voltage average is augmented about 
2% when 100% penetration threshold is achieved. Also, during the morning period, 
the voltage rises up to 1.02pu which means there is an export onto the network and 
reverse power flow occurs through the distribution transformer. However, all 
voltage regulatory constrains are respected within a considerable margin. 
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Figure 7.18 – Voltage daily profile for urban network with balanced load and different penetration 
scenarios 
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Figure 7.19 – Voltage daily profile for rural network with balanced load and different penetration 
scenarios 
 
 The voltage peaks are even more evident on rural networks as Figure 7.19 
proves. These types of systems are characterised for being small impedance 
networks and, hence, be more prone to voltage rise effects. That is why voltage 
daily profile has higher peaks which can be observed in the morning and in the 
evening when CHP units have their programmed start. As the matter of fact, when 
penetration level increases, the average voltage rises about 3% although even in the 
morning peak generation, the voltage does not go over 1.05pu, i.e., it stays within 
the voltage statutory limits. Also, the maximum amplitude is lower than the total 
16% permitted and so no reinforcements are predicted for these conditions.  
 It is interesting to establish a comparison between Figure 7.7 and Figure 
7.18 and Figure 7.19. Clearly, the voltage profile follows the generation peaks 
which are more evident in rural networks since the big majority of customers are of 
the domestic type and hence the domestic CHP unit is the most used. Therefore, this 
domestic CHP generation profile is predominant where morning and evening peaks 
are prominent.  
 Given that in balanced conditions there are no major problems to be 
registered even when reaching levels of 100% penetration, the question was to 
examine the network in unbalanced conditions. Making use of the potentialities of 
the three-phase load flow detailed in Chapter 3, two different load unbalance 
conditions were simulated on the urban and rural networks. LUF of 20% and 30% 
were established allocating the domestic single-phase loads accordingly between 
phases.  
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 The goal is to determine whether increasing levels of penetration of 
microgeneration has a positive or adverse effect on voltage profiles at the end of the 
feeders and if the operation of the networks complies with ER P29 where the limits 
of voltage unbalance are defined. 
Figure 7.20 represents the voltage daily profile per phase for an urban 
network with LUF = 20% for different penetration scenarios. 
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Figure 7.20 – Voltage daily profile for urban network with LUF = 20% for 0% penetration (left), 
50% penetration (right) and 100% penetration (middle) of micro CHP  
 
 Again, the effect of increasing levels of penetration (figures from left to right) 
is to raise the voltage average value and it is possible to notice the higher peaks on 
the more loaded phases. This is explained because if one phase is more loaded, the 
very same phase will also have more generators connected to it and, consequently, 
higher reverse power flow will take place on that phase. 
 It was found that defining such high LUF would immediately go over the 
P29 design limit of 1.3%. In fact, the initial unbalanced load conditions set a voltage 
unbalance of almost 5.5% proving that special attention must be given to the way 
load are distributed among phases during the planning of distribution networks. The 
effects of penetration of microgeneration were, in this case, quite beneficial since 
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the voltage unbalance factor was reduced to 3.8%. Given that domestic CHP 
generation profile has a similar shape to the demand profile, the overall load is 
reduced and voltage profile is smoothen. However, the voltage unbalance limits are 
still far from being respected and special attention must be paid to how load is 
distributed among phases when planning a network. 
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Figure 7.21 – Voltage daily profile for urban network with LUF = 30% for 0% penetration (left), 
50% penetration (right) and 100% penetration (middle) of micro CHP 
 
 When the LUF increases to 30% (20%, 40% and 45% of load demand in 
phase a, b and c respectively), voltage unbalance limits are again exceeded from the 
start. With 0% penetration, voltage unbalance between phases of the 3-wire system 
is 6.1% being reduced to 4.1% when 100% penetration occurs. One conclusion is 
that the difference between voltage unbalance with 0% and 100% penetration has a 
bigger reduction when LUF is higher. The fact is that load allocation is responsible 
for the high values of unbalance. Generation is actually decreasing that difference 
and getting the values of voltage unbalance closer to the limit since the net demand 
is smoother than the initial load profile and difference between phases is reduced.  
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 When it concerns to rural networks, for the same values of LUF, voltage 
unbalance according to ER P29 is even more severe. With 0% penetration, it can get 
up to 9.4% when LUF is 20% and over 11% when LUF=30%. Again, with the 
increase in penetration, voltage unbalance values decrease to 5.8% and 8.2% 
respectively. It can be said that, in case load is not balanced on a system, the 
penetration of micro CHP can have smoothening effect leading to the correction of 
the voltage unbalance limits.  
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Figure 7.22 – Voltage daily profile for rural network with LUF = 20% for 0% penetration (left), 50% 
penetration (right) and 100% penetration (middle) of micro CHP  
 
 From the analysis of Figure 7.22 and Figure 7.23, it is possible to assert that 
a system with higher impedance than urban systems is more sensitive to voltage 
unbalance situations. The voltage rise effect is evident and changes according to the 
LUF. However, even in the worst conditions of load unbalance, voltage is kept with 
the 16% regulatory limit. According to what was concluded before, in case voltage 
violates the upper or lower limit of voltage, this can be corrected in a simple and 
relatively economic way by setting the tap changer on the transformer. 
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Figure 7.23 – Voltage daily profile for rural network with LUF = 30% for 0% penetration (left), 50% 
penetration (right) and 100% penetration (middle) of micro CHP 
 
 In all cases, the most critical customer was analysed. This was situated at the 
end of the longest feeder and voltage in the three-phases was recorded. This is 
because loads and microgenerators connected close to substations are less likely to 
perturb voltage than those located at the end of the feeder where impedance is the 
greatest. 
 The current analysis is centred in badly balanced distribution networks. 
However, in case load is balanced and generation is installed unevenly among 
phases, the unbalance effects are not so severe. In (Trichakis et al., 2006) and 
(Ingram et al., 2003) studies are made to assess the impact of having micro CHP 
allocated to one phase of a 3-wire system. This would be the worst case scenario 
and is very unlikely to happen but allows the estimation of the most severe impact 
of unbalanced generation would have on voltages per phase. It was concluded in 
both studies that even with 100% customers with micro CHP units installed on their 
premises, voltage unbalance values are within limits established in ER P29 (1.3%) 
in urban networks. For generic LV networks, voltage unbalance would exceed the 
P29 design limit when there is approximately 150% penetration of 1.1kW 
embedded generators connected to one phase. 
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Unbalanced voltages at the low voltage level are not transferred upwards to 
HV due to the relatively high impedance of power transformers (and low source 
impedance at higher system voltages) and transformers connection types. Voltage 
unbalance at higher voltages is, however, transferred to lower voltages. 
 
 
Fault level 
 
When a short-circuit occurs in the distribution network, a fault current will 
flow to the fault location. This current comprises the current from the connected 
generation and from the rotating machines such as motors or generators at 
customers’ sites. The fault current is detected by the protection system and must be 
cleared by circuit breakers or fuses. 
During network planning, it is required to calculate fault levels based on 
connected generation and also rotating equipment at customers sites, in order to 
ensure that fault levels remain within the design limits of the network’s elements.  
Traditionally, in a setting where the main forms of generation are connected 
to the distribution networks via supply transformers from the transmission network, 
the main changes to fault levels over time were due to additional generation through 
supply transformers and also due to changes in rotating load at customer sites. 
In today’s distribution networks, the presence of DG provides an additional 
contribution to the fault level, and the embedded nature of the DG makes the fault 
current calculations more complex as they should take into account the 
consequences of operational switching combinations to a degree not required when 
all generation was via the transmission network. The fault level contribution from 
DG is determined by a number of factors, such as the type of DG (as different types 
of DG contribute to different fault currents), the distance of the DG from the fault 
(as the increased cable impedance will reduce the fault current), whether or not a 
transformer is present between the fault location and the contributing DG (as 
transformer short-circuit impedance may assist in limiting the fault current), the 
configuration of the network between the DG and the fault (as different paths for the 
flow of the fault current will modify the magnitude of the fault current due to cable 
impedances and other installed equipment), the method of coupling the DG to the 
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network (directly connected DG will contribute significantly higher fault current 
than DG connected via power electronics interfaces). 
Engineering Recommendation P25/1 and P26 requires prospective single- 
phase short-circuit level to be limited to 16kA and three-phase to 25kA at the point 
of connection of the service cable. The corresponding loop impedance, assuming a 
typical fault power factor of 0.55, has a minimum value of 0.00825 + j0.0125 ohms. 
In (Mott MacDonald, 2004), the analysis of networks with microgeneration 
with a load density of 5MW/km2 showed that even without microgeneration a 
minimum length of cable would be needed between a consumer and the 800kVA 
distribution transformer to keep single-phase faults below 16kA. Considering a 
maximum source impedance of 250MVA, the distance for a 185mm2 aluminium 
conductor is about 25m, allowing to keep fault current under 14kA. To some extent 
this cable impedance buffers the rise in fault level on the LV busbars caused by 
microgeneration on feeders. 
For high load density regions, such as urban areas, many premises are 
supplied from a single distribution substation. In the current study, for 20 
substations/km2, about 200 households can be connected to a substation via three 
main feeders. Considering 100% penetration of 1.1kW micro CHP unit, the 
connected generation totals 220kVA, with a possible fault contribution of 1.32MVA 
(being a rotating machine, prospective fault current may be in the order of six times 
the rated current) or 1.73kA (considering 400V). This results in a contribution of 
less than 0.6kA per feeder. 
The load flow used allows the determination of the maximum fault level per 
phase. Moreover, the minimum length of a service cable was set to 25m and, in no 
case, there is a customer connected less than 40m away from the substation. For all 
the penetration scenarios, the fault level was checked and no problems were 
registered in all cases.  
In rural areas there are mainly problems with the voltage profile (voltage is 
low at the end of the feeder) rather than with fault levels. Furthermore the 
penetration of micro CHP or even PV is likely to be very gradual and is likely to be 
widely dispersed in the rural areas. 
Therefore, no real problems are foreseen with fault levels specifically while 
the amount of DG plant in the LV network is still very limited. However, it is 
possible that in some isolated situations, DG penetration levels are sufficiently high 
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to necessitate network reconfiguration or uprating of equipment. This may occur in 
areas where there is a high density of micro CHP or PV which is likely to be in 
urban areas. 
 
 
7.4. Effects of PV generators in generic typical networks 
 
 Similarly to the CHP impact studies, urban and rural networks with 
characteristic load densities of 5MVA/km2 and 0.2MVA/km2 respectively were 
created. PV generators were considered as single and three-phase and, therefore, the 
connection to the network can be balanced or unbalanced. In each case, the impact 
of a number of input parameters was studied. These are: number of consumers, 
number of substations, seed number, season of the year, rated power of the PV 
panels, percentage of DG penetration and balanced or unbalance conditions. The 
network performance is characterised through voltage, current flows and losses. 
 For each case study, the “worst case” node was always considered and its 
voltage profile is plotted so that statutory voltage limits can be verified. The current 
in each branch is determined and compared with the cable thermal limit.  
In the case studies, the effect of different percentage of penetration is 
analysed. The simulations took into account the different load profiles as well as the 
various types of generation profiles. Simulations were held for 0%, 25%, 50%, 75% 
and 100% of consumers with an installed PV array in their premises for different 
seasons throughout the year. Moreover, it was considered PV arrays to have rated 
output 1kW and 3kW for a domestic customer, while customers with greater 
electricity consumption would have PV generators with proportionally larger output. 
 
Overall LV losses 
 
In Figure 7.24 and Figure 7.25 it is possible to see the decrease on losses 
with the increase in the penetration of PV. Both in the rural and urban case, losses 
decrease for all scenarios of penetration. Also, there are no circumstances to register 
the occurrence of reverse power flow through distribution transformers reaching or 
exceeding their ratings. Even when installed in all premises, the average capacity of 
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each microgenerator is less than the after-diversity maximum demand which was 
the basis for the selection of the transformer rating.  
Considering the mix of the eight different types of consumers on LV feeders, 
it is likely that for most of the time, there will be no export via distribution 
transformers, i.e., most of the surplus energy generated by the micro CHP units will 
simply pass and be consumed by other customers of the LV system.  
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Figure 7.24 - Value of losses for the urban area 
with 5MVA/km2 for different substations 
number and PV scenarios 
Figure 7.25 - Value of losses for the rural area 
with 0.2MVA/km2 for different substations 
number and PV scenarios 
 
As there is a reduction on the total annual energy consumed with the 
increase in the penetration levels, the overall losses are also reduced. For the urban 
case, the maximum reduction is of about 21% to 25% for the different 
substations/km2 scenarios and for the rural case, the reduction is around 17 to 20%.  
 
PV arrays generate their greatest output during daylight hours when the 
domestic load is lower and does not contribute at all in the evening when losses are 
high. Its impact is somehow less than micro CHP technology. 
 Reverse power flows are very likely to occur depending on the penetration 
levels and also on the type and size of the microgeneration units. Figure 7.26 and 
Figure 7.27 show how the increased generation size impacts the losses and the 
reverse power flows. For urban systems characterised for having domestic 
customers but also quite few commercial and industrial clients, reverse power flow 
occurs when about 60% of premises have installed PV arrays of 3kW capacity. 
Furthermore, for rural networks losses start increasing when 40% of customers are 
using 3kW units. As the rural network is much more sensitive to operating 
parameters due to its characteristics, when the size of the microgenerators is 
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increased to 3kW, reverse power flow occurs with smaller penetration levels 
originating higher losses and special attention need to be taken so that network 
elements are not overloaded and are operated within established limits. It should be 
noticed that for rural networks with 80% penetration or more using 3kW PV 
generators, value of losses is higher than the situation without generation. This is 
due to the high value of energy generated at a time of the day when load is not the 
highest and, hence, high reverse power flows occurs though lines and transformers. 
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Figure 7.26 - Value of losses for the urban area 
with 5MVA/km2 for different substations number 
and penetration scenarios with 3kW PV 
Figure 7.27 - Value of losses for the rural area 
with 0.2MVA/km2 for different substations 
number and penetration scenarios with 3kW PV 
 
 
 Voltage 
 
Figure 7.28 illustrates maximum and minimum values of voltage for 
different levels of penetration of PV generators with maximum output of 1kW in 
domestic consumer premises for urban and rural networks.  
Voltage values are well within the limits of +10%/-6% of the nominal 
voltage at the LV level. This means, like the case with micro CHP, that voltage for 
all customers can be maintained within statutory limits although this would 
eventually require that mean voltage levels would need to be reduced by lowering 
primary substation automatic voltage control set-points and/or changing taps on 
distribution transformers. 
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Figure 7.28 – Voltage profile for urban (right) and rural (left) networks with different scenarios of PV 
penetration 
 
For urban networks, since very thick and short cables are used, voltage is 
less sensitive to DG penetration. Even for scenarios with very high penetration, the 
maximum rise would be less than 40%.  
 In rural networks, lines are longer and slimmer and more responsive to 
voltage rise due to DG penetration. Nevertheless, the statutory limits are always 
kept within a margin and maximum voltage rise is of about 50%. 
 
 
Fault current 
 
Fault levels have not been a problem because all the PV systems are 
equipped with power electronic interfaces. The only problems encountered were 
related to power quality (harmonic generation from inverters) and safety for DNO 
maintenance workers (a situation occurred where part of the network went into 
islanding operation without being detected). 
Power electronic devices cannot carry large currents for a long time. A 
sudden increase of the current is detected by protective circuits (typical setting 1.2 
times rated current) causing the control electronics to stop the firing of the 
semiconductor valves. While thyristors will block only when there is a zero crossing 
of the current (worst case after 10 ms), forced-commutated devices such as IGBTs 
and MOSFETs block the current within milliseconds. In either case the contribution 
to the break current is zero. 
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7.5. Network planning considering microgeneration 
 
 So far, the presence of small-scale generators, connected to LV network, has 
not significantly influenced the planning and operation of distribution networks, due 
to the small number of installed DG units. Microgenerators such as micro CHP and 
PV have been identified by the British government as a key component of its CO2 
abatement program (Department for Business, Enterprise and Regulatory Reform, 
2007) and also represent the most significant individual measure in achieving the 
European Union’s CO2 reduction targets (EU DGXVII, 1997). In order to meet their 
carbon emission abatement goals agreed upon the signature of the Kyoto protocol, 
the EU aims to more than double the proportion of locally generated power to more 
than 20% of total capacity. Therefore, in the future, the amount of power injected by 
microgenerators in the distribution system is expected to assume a very important 
role and, in some cases, lead to consequences on important technical aspects such as 
the quality of power supplied by utilities (voltage variations, harmonic distortion, 
etc.), power control of microgeneration units (power factor, power fluctuation, etc.) 
short-circuit levels, selection of generator protection and their coordination with 
utilities protection schemes, islanding operation, microgrids creation, etc.. Some of 
these issues have already been addressed in this chapter but there is the question 
about the new networks to be built in the near future and the restructuration and 
replacements to be made in the current systems. There is the need to find the 
optimal replacement and planning strategies for future network foreseeing the 
inclusion of DG. 
Microgeneration, installed in individual homes, will in time remove a 
substantial electricity demand on a dynamic basis at the low voltage level, and may, 
in some instances, neutralise or even reverse the power flows in distribution 
transformers. This could have economic consequences for the Distribution Network 
Operator (DNO) in terms of lost revenue, but could also have profound 
consequences for LV network design.  
In this analysis, planning of the low voltage distribution system with varying 
penetration levels of micro CHP and PV generation applied to different types of 
houses is studied. This brings about the question as to how the design of distribution 
networks may change due to the penetration of DG in low voltage networks.  
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The aim of this work is, hence, to investigate the effect of installing micro 
CHP and PV systems on losses in low voltage distribution networks and the design 
of conductor sizes and optimal number of substations. This is particularly 
interesting for the use of DG systems on new housing estates specifically designed 
to accommodate microgeneration, or in case of network replacement of existing 
houses with new generating units.  
 
 
7.5.1. Network optimisation  
 
The traditional approach of selecting network design is through minimising 
life-cycle costs of ownership and operation of the network. Life-cycle costs are 
composed of cost of investment and cost of losses. A minimum life-cycle cost 
methodology that balances the capital investment against the cost of the system 
losses is used as a basis for circuit design.  
This approach requires the evaluation of circuit annual losses and their costs 
for various network design options. Corresponding annuitised investment costs are 
then associated with these options, which enables a total life-cycle cost to be 
evaluated. Finally, a solution with the minimum life-cycle cost is then selected 
provided that the thermal and voltage constraints are satisfied. 
As explained in Chapter 5, after calculating current I from net demand and 
knowing pool prices for each hour in one year and using equation 7-2, the total 
annual cost of losses are calculated for several conductors (both cables and 
overhead lines) with different cross-section, i.e. capacity. 
 
Optimal capacity of cables and overhead lines for pure transport of 
electricity is determined by trading off the annual cost of losses (CLi) and annuitised 
variable capital cost (CCi). 
Annual cost of losses includes: 
i)  cost of energy losses made in the distribution network and  
ii)  component of transmission capacity charge associated with power losses in 
the distribution network. 
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Cost of energy losses is calculated for each half hour, while, in case of the UK 
practice, the component of transmission capacity charge is based on the triad peak. 
Annual cost of losses attributable to each circuit i is, therefore, calculated as: 
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where: 
CLi total annual cost of losses for circuit i [£/year]  
Ri resistance of the circuit i  [Ω];  
TC payment for capacity of the transmission system, based on the triad 
peak 



MW
£
  
Ii(t) current in [A] in circuit i in time period t; in the UK this time period is ½ h  
Ttc triad time periods [½ h], tc = 1, 2, 3; these times are related to the triad 
peaks in the transmission system  
ep(t) energy price in time period t 



MWh
£
  
 
In the present case, as low voltage line is designed, the part of losses defined 
by triad peak is neglected. The total annual cost of losses is calculated as: 
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On the other hand, capital cost of each circuit includes two components: 
fixed cost (independent from the circuit current-carrying capacity) and variable cost. 
The variable cost includes not only cost of conductor but also other costs associated 
with the size of the circuit considered. Clearly, for designing circuit current-carrying 
capacity of distribution circuits fixed cost are irrelevant.  
Annuitised variable capital cost of each circuit can be found as the product 
of the annuitised incremental circuit investment cost (Ki), circuit current-carrying 
capacity (
icap
I ), and circuit length (Li): 
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icapii LIKCC i ⋅⋅=                    (7-3) 
 
where: 
CCi annuitised capital cost for circuit i [£/year]  
Ki annuitised incremental investment cost for circuit i 





yearkm,A,
£
 
icap
I   current-carrying capacity of circuit i [A]  
Li length of circuit i [km] 
 
In order to determine the optimal capacities of the circuit (
icap
I ), the sum of 
the annual cost of losses and the annuitised variable capital cost for the circuit has to 
be minimised: 
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In case of overhead line there is one more component that has to be included 
in annual cost of each overhead line and that is annual maintenance cost. For the 
cable, this component is neglected. 
Taking all this in account, total annual cost of losses for each section can be 
easily calculated as: 
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where: 
CLiN total annual cost of losses for circuit i, section N  [£/year]  
N number of section (counting from the right side for figure number 5) 
CLi1 total annual cost of losses for circuit i, section number 1  [£/year]  
 
Annuitised capital cost of any section for the cable with the same capacity 
(as well as maintenance cost for OH lines) is the same. 
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7.5.2. Optimal urban network design and losses 
performance considering DG 
 
An assessment on optimal urban network planning for premises with 
installed microgeneration was undergone. Figure 7.29 establishes the comparison of 
the level of losses obtained on an optimised urban network with and without 
presence of microgeneration. Two technologies – micro CHP and PV – were 
implemented and the network was optimised considering 100% penetration from the 
start. Therefore, all assets are prepared to deal with eventual power flows occurring 
specially during mornings and evenings due to micro CHP exports and during 
midday caused by PV panels. Also, cables’ sizes and lengths are selected to cope 
with voltage rise as an effect of the electricity exports. 
 Again and as explained in Chapter 5, when no microgeneration is installed at 
the consumer’s dwellings, losses decrease with the increase of the number of 
substations. It is possible to notice that minimum energy losses is achieved using 30 
substations/km2 when designing the network with no generation connected whereas 
when DG is present, the minimum is obtained with 20 substations/km2. Moreover, 
when planning the network considering DG, be it micro CHP or PV, losses decrease 
with the increase in the number of substations reaching a minimum and increasing 
after that point. One explanation for this is that a high number of substations used, 
the size of the transformers is relatively small, increasing fixed losses. 
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Figure 7.29 – Total energy losses for urban areas with different number of substations per km2 and 
penetration of micro CHP and PV 
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 Comparing generation technologies, although micro CHP has higher losses 
when compared to PV or when no generation is connected due to the flatter net 
demand profile resulting on the installation of thinner cables with higher impedance 
as seen in Figure 7.31, the total network costs are actually lower than the other 
scenarios. This is valid whichever the number of substations used to supply the 
network as Figure 7.30 shows. 
 The overall network optimal design depends on the presence or absence of 
microgeneration. If no DG is connected to the LV network, the optimal network 
design is considering 20 substations/km2 whereas when micro CHP or PV is 
installed, the minimum costs are when using 10 substations/km2. This leads to the 
conclusion that the network should be prepared on the planning stages to accept the 
integration of microgeneration so that operating costs are optimised. 
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Figure 7.30 – Total urban network cost for design with different number of substations and penetration 
of DG 
 
 The capacity of cables to be installed also changes with the inclusion of 
microgeneration. However, this is also very influenced by the generation profile of 
each technology. Figure 7.31 illustrates the type of feeders installed on the LV 
urban system depending on the presence of DG and on the number of substations 
used. The bigger the number of substations supplying the network the thinner the 
conductors will be. In fact, it is a characteristic of urban networks to have short and 
thick cables installed with few high capacity substations installed (Figure 7.32). 
Feeders’ cross-section and loading decrease with the presence of 
microgeneration. The biggest difference is noticed when using micro CHP since the 
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generation profile has a similar shape to the demand. Consequently, net load factor 
is higher and cables loading decrease. Hence, the optimal capacity of the feeders 
also decreases and thinner cables should be used. As it can be seen on the graphic 
below, 300mm2 cable is more frequently used when no DG is connected. When 
considering 100% of customers with PV installed, cables’ cross-section is smaller 
than when no generation is considered and for the scenario with micro CHP, the 
cables are even thinner.  
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Figure 7.31 – Length of different type of conductors for different number of substations when 
planning an urban network with and without microgeneration 
 
 For the same reasons, smaller capacity transformers are required when PV is 
considered and especially with micro CHP. For the optimal investment scenario 
when 10 substations/km2 are used to supply the load, there is no difference between 
the capacity of the transformers used when there is no DG and when taking into 
account PV. Two units of 1500kVA are the bigger transformers installed. However, 
in the micro CHP approach, smaller capacity transformers are used being the bigger 
transformer the 1250kVA. As for the total transformer capacity installed on the 
network, 5250kVA are needed when no DG is present but only 4500kVA are 
required to supply loads and to deal with reverse power flows that might occur 
when micro CHP is installed in 100% of the premises. The biggest disparity is 
registered with high number of substations installed. When using 30 
substations/km2, the transformers installed capacity totals 7390kVA when there are 
no microgenerators but when micro CHP is present on the network, the total 
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capacity is reduced about 40%, totalling 4605kVA, whereas the reduction obtained 
with PV is only 25%. 
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Figure 7.32 – Transformer capacity installed on a 5MVA/km2 urban network for different number of 
substations and with and without microgeneration 
 
 
7.5.3. Optimal rural network design and losses 
performance considering DG 
 
A similar assessment on optimal rural network planning for premises with 
installed microgeneration was held. Figure 7.33 establishes the comparison of the 
level of losses obtained on an optimised rural network with and without the 
presence of microgeneration.  
 When no microgeneration is installed at the consumer’s premises, losses 
increase with the increase of the number of substations. It is possible to notice that 
minimum energy losses is achieved using 3 substations/km2 when designing the 
network with no generation connected whereas when DG is present, the minimum is 
obtained with 2 substations/km2. Moreover, when planning the network considering 
micro CHP or PV, losses reach a minimum when using the fewest substations like 
in the case when no DG is present.  
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Figure 7.33 – Total energy losses for rural areas with different number of substations per km2 and 
penetration of micro CHP and PV 
 
 Unlike in urban networks, micro CHP leads to lower losses when compared 
to PV or when no generation is connected due to the flatter net demand profile. This 
would result on the installation of thinner lines but on rural networks the cross-
section of conductors is limited by voltage constraints since feeders are quite long. 
As Figure 7.34 shows, total network costs are lower when considering micro CHP 
and optimal network design change when taking into consideration microgeneration 
since this eases voltage drop problems on these types of networks. 
The overall network optimal design depends on the presence or absence of 
microgeneration. As explained in Chapter 5, rural network design is defined by 
voltage drop. The optimal number of substations is the fewest possible to respect 
voltage constraints. In the present case, if no DG is connected to the LV network, 
the minimum number of substations possible to keep voltage within statutory limits 
is when considering 3 substations/km2 whereas when micro CHP or PV is installed, 
it is possible to use only 2 substations/km2. This leads to the conclusion the 
minimum network costs are lower when considering microgeneration being the 
micro CHP the most beneficial.  
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Figure 7.34 – Total rural network cost for design with different number of substations and penetration 
of DG 
 
 The capacity of lines to be installed does not suffer a big change with the 
inclusion of microgeneration. As mentioned before, the minimum cross-section to 
be used is limited by the voltage drop due to long distances of the feeders. 
Characteristic rural areas are supplied by several small substations feeding long and 
thin overhead lines as seen in Figure 7.35 where the type of feeders installed on the 
LV rural system depending on the presence of DG and on the number of substations 
used are illustrated. 
As it can be seen on the graphic below, 95mm2 line is the most frequently 
used whatever the scenario considered. When 100% of customers have PV installed, 
conductor’s cross-section is smaller than when no generation is considered and for 
the scenario with micro CHP, the cables are even thinner although the difference is 
not striking.  
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Figure 7.35 – Length of different type of conductors for different number of substations when 
planning a rural network with and without microgeneration 
 
 Smaller capacity transformers are required when micro CHP is considered. 
However, when using PV, there is only a small difference to when no 
microgeneration is present. For the optimal investment scenario when 3 
substations/km2 are used to supply the load, there is little difference between the 
capacity of the transformers used when there is no DG and when taking into account 
PV. In the micro CHP approach, smaller capacity transformers are used and only 
one transformer of 200kVA is used on the entire network. The mostly used 
transformers are the 100kVA ones for this substations/km2 case. As for the total 
transformer capacity installed on the network, 1800kVA are needed when no DG is 
present but only 1250kVA are required to supply loads and to deal with reverse 
power flows that might occur when micro CHP is installed in 100% of the premises. 
The total capacity is reduced by about 30% whereas the reduction obtained with PV 
is only 17%. 
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Figure 7.36 – Transformer capacity installed on a 0.2MVA/km2 rural network for different number of 
substations and with and without microgeneration 
 
 
7.6. Discussion and conclusions 
 
In this study, two main objectives were proposed for investigation: assess 
the impact of DG on existing distribution networks and the effects it would have on 
network planning and optimal design. 
The developed model was used to determine the relation between 
penetration levels of microgeneration and a variety of factors such as number of 
substations, generation profiles, load unbalance factor, network configuration and 
impedance, type of loads used, etc.  
This study summarises the results of the investigation of the potential impact 
of large scale DG deployment on the existing and new low voltage distribution 
networks. This impact is assessed through examining voltage and loss profiles in 
these networks. 
 
DG influences three kinds of DSO costs: 
• Reinforcement costs: the incremental costs related to network 
reinforcements necessary to integrate DG into the network. The incremental 
costs are zero for low DG penetration levels. 
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Once investment is required, the incremental cost increases progressively 
both in rural and urban networks. If DG is more densely connected (i.e. 
more concentrated), investment costs might be needed to overcome technical 
problems such as voltage rise, voltage unbalance or reverse power flow. 
• Energy losses: with low DG penetration energy losses decrease and the costs 
for compensating these losses will become smaller. However, if more DG 
penetrates the network energy losses will increase resulting in higher 
operational costs.  
• Capacity replacement value: DG may result in smaller electricity flows from 
higher to lower voltage levels postponing the need to reinforce the system in 
case of load growth or to reduce the investment required in case of 
equipment replacement. 
 
Comparing the net effect of multiple micro CHP units exporting to the grid has 
indicated that domestic micro CHP systems typically generate most at periods of 
peak demand, notably in the daytime/evening, and in winter. Consequently, the net 
export effect appears to be beneficial for the electricity network during periods of 
peak demand and is likely to reduce the requirement for central generation, with 
exported power expected to be used by neighbouring houses. In general, energy 
suppliers, the national grid and electricity distribution networks should all see peak 
reduction benefits from widespread adoption of micro CHP. Since micro CHP 
generation profile coincides with peaks of demand, adding micro CHP generation 
capacity at the LV level defers or removes the need for new network capacity and 
reduces the utilisation of existing assets. This leads therefore to benefits to DNOs. 
 The impact of PV on losses and on the provision of network capacity is less 
significant than the impact of micro CHP. PV produces electric energy in times of 
low demand (during summer daytime) and not during peak demands such as 
mornings and evenings of winter weekdays. Therefore, the maximum flow entering 
the distribution system is not so affected by the installation of PV although losses 
are reduced.  
 
 It is believed that DG contributes to power loss reduction as the generation 
energy flow is generally against major net flow. This is normally true, however, not 
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necessarily always applicable. The impact of DG on losses depends on the 
penetration, the location and the type of DG in the networks. Low penetration of 
microgeneration reduces the losses, as the generation is absorbed by local load, 
which then reduces the flow in the distribution feeders and, consequently, on the 
upper voltage levels. However, as the penetration increases, generation starts to 
exceed local demand, particularly in low loaded lines and at time of low demand, 
leading to a reverse flow though the distribution transformers. This reverse power 
flow increases losses at LV, and in some cases also at higher voltage levels. 
 
 In the case that 1.1kW micro CHP is deployed on an LV urban network, for 
any penetration level, the losses are lower than when no microgeneration is 
connected to the network, and a minimum in energy losses is obtained for a level of 
80% penetration. For rural networks, total annual energy losses decrease for all 
penetration scenarios. This is due to the bigger percentage of domestic customers 
that will have smaller micro CHP units installed when compared to commercial or 
industrial units. The bigger reverse flows on urban networks results from the power 
exports generated by these last types of customers since they have a more 
representative percentage on this type of areas.  
When using PV technology, losses decrease with the increase in penetration 
of DG for all levels and for both urban and rural networks. However, when using 
PV arrays with bigger capacity, the net exports increase to the point that with 60% 
and 40% penetration for urban and rural networks respectively, will start exceeding 
local demand. Therefore, losses increase reaching values even higher than when no 
generation is connected. In this case, active management would be a possible 
solution for this problem controlling generating units or network reconfiguration 
although this issue is not included in the scope of this study. 
 
The integration of the DG units leads to an improvement of the voltage 
profile. Nevertheless, the voltage is shown to exceed the acceptable limits in certain 
intervals of the day but only for very high penetration of DG. It can be seen that at 
the beginning of the simulation the power flow direction in the feeder has changed 
and it is during this period of reverse power flow that the voltage rise effect is 
noticed. This situation occurs because the power demand in the network is 
temporarily low while DG output is high at the same time. Moreover, even when the 
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percentage of penetration is extremely high, the voltage values are below this limit 
provided that primary substations automatic voltage control set-point or off-load 
taps on distribution transformers are readjusted. 
 
In the case where load is balanced and generation is installed unevenly 
among phases, the unbalance effects are not so severe. In (Trichakis et al., 2006) 
and (Ingram et al., 2003) studies are made to assess the impact of having micro 
CHP allocated to one phase of a three-wire system. This would be the worst case 
scenario and is very unlikely to happen but allows the estimation of the most severe 
impact of unbalanced generation would have on voltages per phase. It was 
concluded in both studies that even with 100% customers with micro CHP units 
installed on their premises, voltage unbalance values are within limits established in 
ER P29 (1.3%) in urban networks. For generic LV networks, voltage unbalance 
would exceed the P29 design limit when there is approximately 150% penetration of 
1.1kW embedded generators connected to one phase. 
 Adding DG in an unbalanced way amongst phases does, as expected, give 
unbalanced voltages. In some cases this can help correct existing unbalanced 
voltages, as the generation can behave like a negative load. The magnitude of the 
voltage unbalance is largely dependent on the network type, the penetration level 
and type of customers (load and generation).  
 Although some of the registered effects were out of the regulatory bounds, 
in practice, there will be a “controlled” randomness in terms of which phase a 
customer is connected to and so, load and generation are very unlikely to cause high 
unbalance rates in the network. It would be interesting for the DNO to assess the 
unbalance in their network designs so that future penetration of DG would have 
controlled effects. 
 
The overall conclusion is that to accommodate microgeneration penetration, 
no additional capital investment is required in LV networks. The need for 
reinforcement of the network components will depend on the level of generation 
and on the extent to which reverse power flows happens. In most parts of the 
network, microgeneration exports will not be sufficient to result in any need for 
network investment. 
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The optimal circuit design does not significantly change with penetration of 
PV generation because the generation output is relatively low during the winter 
months (and so does not significantly offset the load) and makes little impact on 
losses in this period. Load demand drives losses in the winter months. As the 
electricity prices are higher in winter than in summer, the costs of losses tend to be 
dominated by the winter period and hence an optimised LV network design 
incorporating the cost of losses is not too influenced by PV generation.  
In the case of penetration of micro CHP, the energy consumption (type of 
houses) becomes important. Larger penetration of micro CHP generation should be 
taken into account when designing the low voltage distribution networks. 
Net generation/consumption is very important because it determines current 
through the line that connects house and other part of network. As losses are 
directly proportional to the square of this current, net generation/consumption takes 
main part in process of choosing optimal line capacity. 
 
The regulator needs to be aware of the different impacts the DG will have on 
different characteristics of the network, in order to send the appropriate signals to 
both DNOs and the distributed generators. These signals are mainly sent through the 
incentives set up by Ofgem for the different companies within the electricity sectors 
but also through transparency and effective tariffs for the use of the system. 
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8. CHAPTER 
 
 
CONCLUSIONS AND FUTURE 
WORK 
8.  
8.1. Overview 
 
Since privatisation, DNOs have been under regulatory constraints to face 
conflicting objectives to reduce capital expenditure, improve service quality, offer 
the service at lower prices and, more recently, tackle the climate challenge installing 
DG. Because of these different pressures, strong short-term objectives, and the lack 
of incentives in the regulatory framework with regards to energy-efficiency and 
losses performance, DNOs’ current replacement policies for distribution equipment 
are primarily concerned with the cost of investment while the cost of losses is not 
given adequate consideration. These regulatory constraints added to the requirement 
in the very near future to replace the numerous distribution assets installed during 
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the late 1950s and early 1960s, might result in the development of an inefficient 
distribution network which will be in operation for the next 30 years. Moreover, 
having a distribution network with high losses would be in contradiction with the 
current efforts of the UK Government to meet its obligations for CO2 emissions 
reduction under the Kyoto protocols. The scope of this research was therefore to 
develop methodologies for evaluation of the life-cycle cost of distribution circuits 
and transformers in order to investigate techniques for long-term, loss-inclusive 
optimal network design and replacement strategies. 
 
Furthermore, due to the Government’s target to provide electricity supply 
from renewable energy sources, it is expected that a large penetration of generation 
will be connected to the future distribution network. As the distribution networks 
were not previously designed to connect large penetrations of generators, DNOs are 
encountering problems in accommodating these generators into their network 
especially when high percentages of penetration are reached. The existing 
distribution network might need extensive reinforcement to absorb large penetration 
of generation entailed by technical barriers including voltage rise, thermal, and fault 
level issues. Another aim of this research was therefore to determine the main 
barriers to the connection of DG in the UK distribution network so as to quantify 
and compare the reinforcement costs needed when implementing DG on an existing 
network and, also, including DG on the planning stages of the network. 
 
 
8.2. Summary of research 
 
The current energy context is expected to create an opportunity for network 
developers to re-examine the current design philosophy which was established 
about 40 years ago. The design practice would face new challenges as how to design 
network to simultaneously be economic efficient, technical viable and highly 
reliable. Consequently, there is the need to develop a high level strategic tool for the 
assessment of design strategies and policies in a systematic way to achieve cost-
effective, efficient and reliable system operation. In contrast to traditional 
approaches to optimal network design, which are based either on the analysis of a 
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small specific service area or on idealistic networks, the proposed method 
determines optimal network design polices by evaluating alternative strategies on 
statistically similar networks.  
 
After the position of consumer is known and network layout is found, it will 
be necessary to quantify power flows through various circuits and voltages at 
various nodes.  
The real distribution system has unbalanced loads as well as unbalanced low 
voltage generation. In the years to come, the single-phase microgenerators will play 
an increasing role in the distribution system and it is expected that the number of 
microgenerators will grow dramatically. In the evaluation of the performance 
characteristics of distribution networks, in terms of voltage, power flow and losses 
profiles it is traditionally assumed that load is connected balanced among phase. 
This symmetry allows the use of single-phase representation of the three-phase grid, 
and application of single-phase load flow analysis. However, at the low voltage 
level, load and generation of domestic consumers are normally connected to only 
one phase. Due to this, the network is said to be unbalanced. In case the consumer is 
non-domestic, the connection load/generation is three-phase. For this purpose, an 
unbalanced load flow model was included in the software and three-phase 
representation was included. 
 
There is a need for selection of customer types and their demand model. The 
number of different types and their distribution varies depending on the type of area, 
such as urban or rural, and also it will vary with the time, the day and the season. In 
an attempt to model this behaviour, customers are grouped into different types and 
detailed demand profiles for each type of consumer are created. 
The narrowing gap between supply and demand and concerns for climate 
change continue to provide a driving force for increased levels of small-scale 
embedded generation within the LV networks of the electricity distribution system. 
The possibility of power quality problems, in terms of over-voltages during times of 
maximum export and minimal loading, and the significant variability in the output 
from Renewable Energy Technologies were discussed and the need for new 
approaches to design and operation suggested. 
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8.3. Achievements and contributions of this research 
 
In terms of the tasks proposed in Chapter 1, the main achievements and 
contributions of this research to find alternative design strategies to achieve optimal 
distribution network design policy and assess the impact of microgeneration are 
summarised in the following sections. 
 
 
8.3.1. Optimisation of network components based on 
minimum life-cycle costs 
 
The impact of losses on the selection of optimal capacity of distribution 
conductors and transformers was analysed. A minimum life-cycle cost 
methodology, which balances the capital investment against the cost of the system 
losses, was used as a basis for circuit design. The evaluation of the optimal circuit 
utilisation was performed using an annual half-hour load profiles. A comprehensive 
analysis was performed to calculate the optimal utilisation of distribution circuits 
using a variety of types and sizes of overhead lines and cable at LV, 11kV and 
33kV voltage levels. The concept of loss inclusive distribution network design was 
then applied on a large generic distribution system; this includes relevant 
characteristics of a real multi voltage level mixed urban and rural distribution 
system with associated annual demand profiles of realistic combinations of 
domestic, commercial and industrial customers.  
Key features of the proposed framework include consideration of the cost of 
losses in determining the optimal network design strategy. These findings suggest 
that the present network design and replacement strategy, which follows a minimum 
investment principle, may not be optimal from an overall social and environmental 
perspective. Optimal circuit capacities in this research are determined through the 
optimisation procedure whose objective is to minimise the total costs, which consist 
of investment (purchasing, installation and maintenance costs) and the cost of losses 
during the entire operation period of the considered component (cable, overhead 
line or transformer). 
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The optimal sizes of the lines and transformers should be chosen to respect 
thermal and short-circuit current limits. Using this method, the utilisation of cables 
and overhead lines is very low (between 15% and 30% at low voltage) which proves 
that design of the conductors should not be determined by considering only 
purchasing cost of the network components. 
 
 
8.3.2. Multi voltage level optimal design strategy 
 
Using the developed systematic tool, it has been possible to find the optimal 
design strategies for different types of areas with similar characteristics depending 
on the consumer load density, consumers load profiles, type of equipment used, etc. 
Evaluating the cost of each particular design over statistically similar networks 
allows statistically significant conclusions to be drawn. The results have been 
analysed to give an indication of the optimum design policy in terms of the cost of 
equipment, its installation and maintenance, and the cost of fixed and variable losses. 
The optimum is in terms of minimising annual cost of equipment, installation, 
maintenance and losses, while meeting the constraints. The constraints are that 
every consumer’s demand is met within voltage limits and that only the available 
set of equipment, i.e. conductors and transformers, can be used. 
 After studies performed on low load density areas (rural networks) and high 
load density regions (urban networks) it was found that losses are higher in rural 
areas. Also, conductor losses decrease exponentially with the increase in the number 
of substations. In fact, the more substations supplying the network, the shorter the 
length of the cables will be. Moreover, the number of consumers supplied by the 
same substations will be less and cables current smaller causing the I2R losses to 
decrease. Therefore, urban areas should be supplied with few high capacity 
substations supplying customers with thick short feeders. On the other hand, rural 
systems should consist in several small capacity substations determined by voltage 
constraint. As a result, long thin overhead lines would be installed. 
Load density is a very important factor in the determining the size of 
substations and the number of voltage levels. In general, urban systems are not as 
expensive as rural networks. Therefore, larger substations are used in urban areas 
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rather than in rural given the high capital cost of underground substations. However, 
using more substations of a smaller size gives more flexibility in planning and in 
operation of the network.  
For high urban load densities there is not voltage drop problem. As the load 
density decreases, the voltage drop problem occurs, so it is necessary to increase the 
number of substations to serve a given load. This tends to decrease the average 
transformer size increasing the overall network cost. The network is designed to 
operate at the voltage limits, i.e. using the least amount of equipment to meet the 
constraints.  
The sizes of the cable used depend on the load density and the optimum 
number of substations. The thicker sizes are used in the areas with high load density 
where it is common practice to put a few 300mm2 cables in the same trench, while 
with a decrease in the load density and number of consumers served from one 
substation, 95mm2 cables becomes the preferred option. 
 
When assessing multi voltage levels, in both urban and rural areas, the cost 
of LV equipment dominates the total cost of the network. Therefore the optimum 
system design is to use as few distribution substations as possible while serving the 
consumers within the constraints. 
The voltage levels are not fixed and any level may be modelled using the 
software. Alternative design strategies such as direct transformation 132/11/0.4kV 
to the detriment of the common four voltage levels 132/33/11/0.4kV were 
investigated. Avoiding 33kV network could lead to lower value of losses, while also 
decreasing the investment cost of the network. 
The number of intermediate voltage levels has a significant influence on the 
size and number of substations. In general, it is found that for rural systems where 
voltage constraint restricts the design options, direct transformation would not be an 
economical solution and would attach serious reliability issues. However, in high 
load density systems, fewer voltage levels would be required. Therefore, a three 
voltage levels approach would result in significant savings even considering the 
necessary investments to increase reliability performance. 
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However, keeping the potential economic benefits of having three voltage 
levels while solving the voltage drop problems in rural areas, the cost of using 
132/20kV instead of 132/11kV direct transformation was explored. 
When comparing scenarios using 11kV and 20kV, voltage limits are 
respected for the optimal substations/km2 scenarios. Although capital cost of assets 
would be slightly higher, balancing with operational costs would result in 
significant savings especially if compared to four voltage levels. 
 
 
8.3.2.1. Sensitivity analyses of impact of different parameters 
on the network design 
 
Given the long life expectancy of distribution assets, once the investment is 
made, the network owner must live with the consequences of the decision for a very 
long time. The price of electric energy is influenced by many factors and its future 
trend is not easy to predict. Therefore, it was interesting to check how much optimal 
design is sensitive on the possible change in price. 
Moreover, technology has been attaching more functions to assets and the 
cost of materials has been changing. As capital cost of transformers and conductors 
is an input parameter it was useful to investigate the robustness of the optimal 
solutions for network design with respect to variations in assets capital cost.  
It was concluded that the percentage of losses decreases with the increase in 
electricity price. The cable cross-section used more frequently is increased and this 
results in a reduction of the I2R losses. Although the network design with larger 
conductor cross-section improves the voltage drop profile, the magnitude of 
improvement did not originate a reduction in optimal number of substation and, 
therefore, the adopted optimal network design is not sensitive to the change in 
electricity prices. 
The result illustrates that when the equipment costs increase, the optimal 
design favours the less expensive equipment component, i.e. cable with smaller 
cross-section. Thinner conductor with higher impedance will increase the cable 
losses. 
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The increase in equipment price increases the total network cost. Although 
the network choose smaller conductor cross-section, which may derive voltage 
problems, the impact is not significant enough to cause changes of optimal 
substation density in urban 11kV and 33kV networks. 
 
 
8.3.3. Integration of distributed generation on 
distribution networks 
 
Distributed generation have the potential to substantially change the 
established electricity supply industry both economically and technologically. 
Installed in individual homes or small offices, microgenerators could remove a 
substantial electricity demand on a dynamic basis at the LV level, and may, in some 
instances, neutralise or even reverse the power flows in distribution transformers. 
A study about the possible effects that dispersed generation, particularly 
micro CHP and PVs, could have on the distribution network has been made. 
The voltage regulation problem and possible overload of network 
components caused by distributed generators depend on a variety of factors 
including the number and output of generators, local loads, network configuration 
and impedance, substation no-load voltage, distribution of generators between 
phases and power factor. 
In order to investigate some of the effects of integration of microgenerators 
with the distribution network, the developed model for optimal network design has 
been used to calculate the effect of different levels of microgenerator penetration on 
the voltage regulation, power flow, energy consumption and losses in the optimised 
networks. 
Existing LV networks can, under most circumstances, accept up to 100% 
penetration of microgeneration, provided that certain steps to reconfigure the 
networks are taken. The main requirement is to modify transformer taps which 
would only be required once microgeneration penetration reached a threshold which 
might be in the order of 80% in an urban environment or even 100% in rural 
networks. The need for reinforcement of the network components, particularly 
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transformers in areas with high penetration of generation will depend on the level of 
generation and on the extent to which power flows up to higher voltage networks 
and reverses the usual downward flow. Since in urban areas there are more 
industrial consumers who will have bigger generation capacity distributed among 
fewer substations, when high penetration of DG happens, the generation exceeds 
minimum loads causing reverse power flow. In most parts of the network 
microgeneration flows will not be sufficient to result in any need for network 
reinforcement. 
The possibility of over-voltages is related to the number of generators within 
the network, their rating and their operating times. The closer the distributed 
generator output matches the local load profile, the less power is exported. This fact 
favours the operation of micro CHP. When microgeneration penetration levels 
exceed a certain penetration level, actions will be needed to lower the mean voltage 
at the distribution transformers. 
It was concluded that even with 100% customers with micro CHP units 
installed on their premises, voltage unbalance values are within limits established in 
ER P29 (1.3%) in urban networks. For generic LV networks, voltage unbalance 
would exceed the P29 design limit when there is approximately 150% penetration of 
1.1kW embedded generators connected to one phase. 
Furthermore, if the number of microgenerators is expected to be very high, it 
is possible that LV network design strategy could be significantly changed and the 
developed tool and method could be used to explore possible modification in 
planning and operation of future LV systems. 
Feeders’ cross-section and loading decrease with the presence of 
microgeneration. The biggest difference is noticed when using micro CHP since the 
generation profile has a similar shape to the demand. The optimal capacity of the 
feeders also decreases and thinner cables should be used.  
The optimal circuit design does not significantly change with penetration of 
PV generation because the generation output is relatively low during the winter 
months. In the case of penetration of micro CHP, the energy consumption (type of 
houses) becomes important. Larger penetration of micro CHP generation should be 
taken into account when designing the low voltage distribution networks. 
Concluding, microgeneration reduces network costs in the long run if considered 
when planning new developments or replacing assets of the currently used system. 
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8.4. Further conclusions from the research work 
 
With the developed methodology detailed from Chapter 2 to 5 and the 
application of the previously explained tools, other relevant conclusions were 
achieved on the course of this thesis.  
 
 
8.4.1. Generation of consumer layouts and their 
network 
 
The position of consumers influences the amount of equipment used to serve 
them. Therefore, simple geometric models or randomly placed points used in 
previous researches are not adequate. Realistic consumer sets are generated based 
on human behaviour models in terms of their position, distribution of consumer 
types and demand. 
Currently DNOs are not using GIS data for LV networks due to the lack of 
information about consumer layouts and networks path and configuration. Therefore, 
it was necessary to develop a methodology for generating consumer positions and 
connecting them in the network with controllable characteristics. 
The concept for network generation based on fractal theory used for 
generating the consumer positions and networks with layouts similar to ones seen in 
reality. This settlement mimics the human behaviour following some economic laws 
which lead to distributions of fractional dimension.  
By using the developed software, it is also possible to generate networks on 
more voltage levels, so that different types of network can be generated and used for 
analysis of different strategies depending on the adopted network design at each 
voltage level. 
Using a method which finds the local load density maximums, positions of 
substations could be determined and using null-point load flow calculation, 
positions of normally open points could be located, so that network operates radially. 
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By using the same method where distribution substations are treated as 
consumers on the HV network, it was possible to develop a tool which is able to 
generate networks on multi voltage levels. 
 
 
8.4.2. Need for three-phase load flow studies 
 
In the evaluation of the performance characteristics of distribution networks, 
in terms of voltage and power flow profiles, it is traditionally assumed that load and 
generation connected is ideally balanced among the phases. This symmetry allows 
the use of the single-phase representation of the three-phase load/generation, and 
application of single-phase load flow studies. However, at the low voltage level, 
load and generation associated with individual houses is normally connected to only 
one phase. This load/generation is said to be unbalanced. In this case, it important to 
assess the appropriateness of the applicability of the conventional single-phase load 
flow studies to the unbalanced situations.  
The three-phase tool included allowed the detailed analysis of different type 
of loads and generation in an accurate way so that all voltages, currents and losses 
are determined in LV systems. Unbalanced studies were held and the relation 
between load unbalance factor and losses was plotted. 
 
 
8.4.3. Demand modelling – Load diversity and 
unbalance 
 
When assessing LV network design, it is important to look at the detailed 
level – the individual consumer. Individual customer loads are much more 
stochastic than the aggregated loads seen at the primary substations and, 
consequently, require much more detailed modelling. A specification was 
established for a load model that provides a far more detailed description of the load 
in spatial (per consumer) and temporal (averaged per minute) respects. A 
specification was established for a load model that provides a far more detailed 
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description of the load in spatial (per consumer) and temporal (averaged per minute) 
respects. 
Together with the three-phase load flow, such detailed model enabled the 
investigation of the impact of stochastic behaviour of single-phase domestic loads. 
It was concluded that when few hundreds of consumers were connected to the same 
feeders, diversity would not have a major influence. However, in rural systems were 
one distribution transformer connects few dozens of mainly domestic consumers, 
losses would be affected by diversity and it would be important to represent the 
rapid load shifts instead of using aggregated load profiles. 
 
 
8.5. Suggestions of future work 
 
 On the project described on this thesis, the load growth is taken into account 
but only for a verification process as described in Chapter 5. After the optimisation 
process the load is increased so that the technical constrains are verified in the 
eventual scenario of load growth. The voltage drop is checked as well as the thermal 
constrains of the cables and lines. If these are not fully respected in every bus bar of 
the network, then that specific simulation is rejected and not taken into account for 
any study. 
 The question arising is that the load growth is not considered on an annual 
basis and, therefore, not included on the overall long-term plan. A suggestion would 
be to include an annual load growth model based on present statistic tendencies so 
that it would be possible to include a reinforcement plan on the 20 or 30 years 
scenarios. 
It has been mentioned that the position of normally open points can be 
chosen using a methodology which could affect overall reliability of designed 
network. Taking advantage of the placement of these open links on the networks a 
detailed reliability analysis could be proposed and network reconfiguration and load 
transfer strategies determined. Some factors other reliability could also be included 
in the design process of the distribution network and it would be interesting to see 
how this design and cost of the network changes for networks with different 
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reliability performances. Also, when finding optimal network design, costs of the 
supply interruptions could be taken into account. 
The inclusion of an option to have all consumers interconnected with LV 
network or to only connect clusters of consumers with LV network and cover large 
distances only with HV network would be a useful addition to the software. Some 
work in this area has already been done in rural areas. 
It would be useful to include N-1 security criteria at LV network and 
investigate the difference in the additional cost of the network. It is likely to result 
in more substations being used and it is thought that the overall conclusion to use 
the least amount of equipment whilst meeting constraints is still valid. 
An attractive development of this technique would be to integrate it into GIS. 
Such a system could be useful for network design from the outset and the existing 
network could be fully analysed for possible reinforcements, especially in the case 
of load growth and additional generation input. 
 
Whilst there will be costs of accommodating large levels of microgeneration, 
these are considerable outweighed by the benefits directly associated with networks 
operation such as losses and the ability to defer reinforcement costs. 
 The economic benefits primarily consist of a reduced need for centrally 
connected generation, which arises from the avoided capacity, energy and emission 
costs. Also, reduction of losses will bring down prices of electricity reflecting 
directly on the consumer savings. Investigation about the savings derived from 
offsetting the use of centrally-generated electricity from the grid and the potential to 
know how much of central generation could be deferred/displaced would be 
suggested. Also, the avoided CO2 emissions would also be quantifiable as a saving 
for the DNO as well as the carbon savings. A formula for Carbon Benefits Ratio 
(CBR) is defined in the Carbon Trust Micro CHP Accelerator report and could be 
used in the future. 
 A comprehensive economic assessment for DG could be held including the 
incentives (depending on the technology) awarded. Determine the export reward 
tariff (incentive) to be adopted if micro CHP is to be incentivised in large scale and 
to reduce the payback times from 20 years (for a conventional Stirling engine micro 
CHP) to more acceptable short periods adequate to domestic customers. 
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An increase of DG can have an impact on distribution networks system costs 
that can turn out into extra costs or reduced costs (benefit) for the operator of 
distribution network (DSO). Considering the main technical issues, the DG 
integration costs are related to upgrading of circuits and substations in rural 
networks and replacement of switchboards in urban networks. With a strong growth 
of DG connections a large amount of investment is needed to upgrade current 
network assets when network operators uses the traditional “fit and forget” 
approach, i.e. passive network operation philosophy. If an active network 
management philosophy is adopted, the amounts of DG that can be accommodated 
with limited investments will be larger. Instead of increasing the capacity of the 
network, the operational management is then changed: voltage and fault level 
control is applied as well as active involvement of distributed generators (and 
consumers) in optimising the economic operations of the system. 
 This investigation could be of considerable interest to Ofgem in developing 
incentive mechanisms to reward DNOs for reducing losses in their networks and 
establish a strategic set of incentives for DG. Furthermore, the results regarding the 
value of active management of distribution in the context of reduced capital 
expenditure associated with connecting DG could interest the Regulator in its 
objective of developing an efficient future network in terms of reductions of CO2 
emissions. 
 
 
8.6. Research impact and benefits to society 
 
Different actors could benefit from the research presented in this thesis. 
Distribution Network Operators: The investigation of loss-inclusive network design 
enables DNOs to develop alternative long-term network replacement strategies and 
avoid the installation of inefficient plant which would be in operation for many 
years. Furthermore, different design strategies are proposed where inherent savings 
are calculated and reliability performance is analysed. The research also identified 
the cost of deploying DG on present network as well as the benefits of planning new 
network developments considering DG and encouraging DNOs to change their 
current “fit and forget” operation management philosophy.  
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Regulators: Overall the research presented in this thesis has succeeded in making a 
wide ranging contribution to understanding the importance of losses and their effect 
on investment decisions in terms of the economics of distribution network, 
particularly with regard to the possible distribution networks of the future in the 
move to low carbon systems with significant amount of DG. It is up to the regulator 
to reflect optimal design policies in the price control formulas and reward good 
practice with adequate incentives. 
Manufacturers: This research provides support for manufacturers to develop their 
technology towards more efficient primary plant and to develop secondary 
equipment to support an efficient implementation of microgeneration in distribution 
networks. 
Research and investigators: Stepping stones were established to keep the 
development of power systems at a good pace to follow the climate challenges and 
the technology developments. Techniques applied to distribution systems with 
details of single-phase loads and generation are presented and available for future 
development.  It therefore lays a basis on which the suggested future research can be 
built. 
Society: Society is a particular beneficiary, as the proposed research promotes not 
only an optimal long-term development of distribution networks, which should 
ensure optimal long-term electricity costs, but it also has significant environmental 
benefits which would be reflected in energy prices and environmental 
improvements. 
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Nine Characteristic Days Load Profile for  
Domestic Unrestricted Type of Customers (values in kW) 
Hour Winter Weekdays
Winter 
Saturday
Winter 
Sunday
Spring/Autumn 
Weekdays
Spring/Autumn 
Saturday
Spring/Autumn 
Sunday
Summer 
Weekdays
Summer 
Saturday
Summer 
Sunday
1 0.42 0.38 0.36 0.28 0.25 0.24 0.21 0.15 0.14
2 0.44 0.39 0.38 0.29 0.26 0.25 0.22 0.16 0.15
3 0.45 0.42 0.38 0.30 0.28 0.25 0.23 0.15 0.14
4 0.50 0.41 0.38 0.30 0.27 0.25 0.23 0.16 0.14
5 0.60 0.41 0.39 0.38 0.27 0.26 0.25 0.16 0.15
6 0.68 0.45 0.39 0.45 0.30 0.26 0.30 0.17 0.15
7 0.75 0.48 0.38 0.50 0.32 0.25 0.36 0.19 0.15
8 1.04 0.60 0.44 0.69 0.40 0.29 0.46 0.24 0.17
9 0.99 0.77 0.75 0.66 0.51 0.50 0.50 0.31 0.29
10 0.90 0.89 0.90 0.60 0.59 0.60 0.45 0.35 0.36
11 0.75 0.81 0.75 0.50 0.54 0.50 0.38 0.32 0.30
12 0.83 0.80 0.99 0.55 0.53 0.66 0.41 0.32 0.40
13 0.90 0.92 1.11 0.60 0.61 0.74 0.45 0.37 0.44
14 0.92 0.83 0.77 0.61 0.55 0.51 0.46 0.33 0.31
15 0.96 0.89 0.83 0.64 0.59 0.55 0.46 0.35 0.33
16 1.01 1.14 1.02 0.63 0.72 0.65 0.47 0.42 0.39
17 1.35 1.50 1.35 0.90 1.00 0.90 0.65 0.60 0.50
18 1.50 1.43 1.43 0.95 0.97 0.98 0.71 0.58 0.59
19 1.41 1.41 1.50 1.00 0.94 1.00 0.75 0.56 0.60
20 1.34 1.35 1.40 0.89 0.90 0.93 0.67 0.54 0.56
21 1.26 1.31 1.17 0.84 0.87 0.78 0.63 0.52 0.47
22 1.13 1.29 0.84 0.75 0.86 0.56 0.56 0.52 0.34
23 0.93 1.19 0.53 0.62 0.79 0.35 0.47 0.47 0.21
24 0.68 0.89 0.38 0.45 0.59 0.25 0.34 0.35 0.15
 
 
 277 
 
 
Load Profile for Different Types of Customers (values in kW) 
Hour Winter Summer
1 1.480 0.370
2 2.520 0.530
3 2.390 0.545
4 1.955 0.565
5 1.705 0.605
6 1.455 0.675
7 1.400 0.715
8 1.230 0.740
9 0.680 0.525
10 0.505 0.390
11 0.470 0.345
12 0.470 0.290
13 0.530 0.370
14 0.525 0.360
15 0.525 0.345
16 0.585 0.380
17 0.815 0.540
18 0.995 0.625
19 1.020 0.555
20 0.925 0.525
21 0.845 0.490
22 0.805 0.515
23 0.730 0.545
24 0.695 0.410
Domestic Economy 7
Hour Winter Summer
1 0.805 0.670
2 0.810 0.645
3 0.790 0.655
4 0.775 0.640
5 0.790 0.675
6 0.855 0.675
7 1.070 0.770
8 1.690 1.295
9 2.795 2.215
10 4.045 3.140
11 4.300 3.430
12 4.330 3.480
13 4.325 3.445
14 4.095 3.295
15 4.110 3.285
16 4.030 3.235
17 3.725 2.995
18 2.715 2.105
19 1.865 1.390
20 1.610 1.170
21 1.375 1.050
22 1.105 0.970
23 0.935 0.875
24 0.810 0.755
Non-Domestic Unrestricted
Hour Winter Summer
1 5.255 1.535
2 7.155 1.855
3 6.995 2.090
4 6.510 2.120
5 6.155 2.180
6 5.925 2.495
7 6.105 2.710
8 5.650 3.695
9 5.445 4.305
10 5.770 4.360
11 5.615 4.255
12 5.585 4.270
13 5.240 4.060
14 5.015 3.870
15 4.935 3.830
16 4.935 3.805
17 5.170 3.900
18 4.565 3.275
19 3.380 2.495
20 2.875 2.100
21 2.555 1.920
22 2.385 1.865
23 2.220 1.700
24 2.285 1.570
Non-Domestic Economy 7
Hour Winter Summer
1 3.740 3.190
2 4.385 3.885
3 4.290 3.860
4 4.450 4.005
5 4.210 3.420
6 4.320 3.120
7 5.880 3.980
8 10.190 6.205
9 19.040 12.810
10 23.230 16.510
11 23.185 17.365
12 24.015 18.485
13 22.040 16.990
14 20.400 15.595
15 20.480 15.815
16 19.025 14.350
17 16.305 11.880
18 10.455 7.775
19 5.470 4.290
20 4.275 3.640
21 3.710 3.350
22 3.270 3.160
23 3.390 3.470
24 3.445 3.395
Non-Domestic Maximum 
Demand 0-20% Load Factor
Hour Winter Summer
1 5.810 4.695
2 5.885 4.545
3 6.110 4.655
4 6.290 4.930
5 6.425 5.040
6 6.675 4.925
7 9.560 6.770
8 14.605 10.710
9 21.505 16.220
10 27.535 20.190
11 28.385 21.040
12 28.135 21.240
13 27.730 21.260
14 27.120 21.000
15 26.890 20.855
16 26.505 20.355
17 24.815 18.650
18 19.940 14.420
19 13.405 9.095
20 10.400 7.080
21 8.395 6.405
22 7.360 6.060
23 6.500 5.555
24 5.895 4.965
Non-Domestic Maximum 
Demand 20-30% Load Factor
 
Hour Winter Summer
1 11.955 8.950
2 11.775 8.590
3 11.535 8.440
4 11.535 8.435
5 11.555 8.300
6 12.220 8.235
7 15.425 10.645
8 19.130 14.410
9 24.545 18.570
10 27.825 21.630
11 29.010 23.520
12 29.250 24.025
13 28.995 24.080
14 28.820 23.630
15 27.895 22.535
16 26.985 21.325
17 26.080 20.195
18 24.640 19.540
19 22.000 16.985
20 20.360 15.370
21 18.315 13.790
22 16.275 12.470
23 14.210 11.075
24 13.090 9.870
Non-Domestic Maximum 
Demand 30-40% Load Factor 
 
Hour Winter Summer
1 20.995 18.215
2 20.650 17.705
3 20.605 17.375
4 20.475 17.200
5 20.535 17.050
6 20.860 16.410
7 22.805 17.265
8 25.300 20.150
9 28.290 23.740
10 30.000 25.575
11 30.610 26.470
12 31.275 27.180
13 31.190 27.195
14 30.830 27.080
15 30.120 26.300
16 29.900 25.895
17 30.330 25.715
18 30.120 25.160
19 29.710 24.185
20 29.105 23.715
21 27.730 22.900
22 25.615 22.120
23 23.535 20.685
24 22.210 19.570
Non-Domestic Maximum 
Demand >40% Load Factor
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Hourly Generation for Different Types of Micro CHP Generators (kW) 
Hour Power
1 0.11
2 0.11
3 0.11
4 0.11
5 0.11
6 0.88
7 0.88
8 0.88
9 0.33
10 0.33
11 0.33
12 0.33
13 0.33
14 0.33
15 0.33
16 0.33
17 1.10
18 1.10
19 1.10
20 1.10
21 1.10
22 0.11
23 0.11
24 0.11
1 0.11
2 0.11
3 0.11
4 0.11
5 0.11
6 0.11
7 0.11
8 0.22
9 0.33
10 0.33
11 0.33
12 0.33
13 0.33
14 0.33
15 0.33
16 0.33
17 0.33
18 1.10
19 1.10
20 1.10
21 1.10
22 1.10
23 0.22
24 0.22
1 0.11
2 0.11
3 0.11
4 0.11
5 0.11
6 0.11
7 0.11
8 0.22
9 0.33
10 0.33
11 0.33
12 0.33
13 0.33
14 0.33
15 0.33
16 0.33
17 0.33
18 1.10
19 1.10
20 1.10
21 0.33
22 0.11
23 0.11
24 0.11
W
in
te
r 
Su
n
da
y
Domestic
W
in
te
r 
W
ee
kd
ay
s
W
in
te
r 
Sa
tu
rd
ay
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 3.00
8 3.00
9 3.00
10 3.00
11 3.00
12 3.00
13 3.00
14 3.00
15 3.00
16 3.00
17 3.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 3.00
8 3.00
9 3.00
10 3.00
11 3.00
12 3.00
13 3.00
14 3.00
15 3.00
16 3.00
17 3.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Unrestricted
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 4.50
8 4.50
9 4.50
10 4.50
11 4.50
12 4.50
13 4.50
14 4.50
15 4.50
16 4.50
17 4.50
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Economy 7
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 16.50
8 16.50
9 16.50
10 16.50
11 16.50
12 16.50
13 16.50
14 16.50
15 16.50
16 16.50
17 16.50
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 16.50
8 16.50
9 16.50
10 16.50
11 16.50
12 16.50
13 16.50
14 16.50
15 16.50
16 16.50
17 16.50
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 16.50
8 16.50
9 16.50
10 16.50
11 16.50
12 16.50
13 16.50
14 16.50
15 16.50
16 16.50
17 16.50
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 0-
20% Load Factor
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Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 21.00
8 21.00
9 21.00
10 21.00
11 21.00
12 21.00
13 21.00
14 21.00
15 21.00
16 21.00
17 21.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
W
in
te
r 
W
ee
kd
ay
s
W
in
te
r 
Sa
tu
rd
ay
W
in
te
r 
Su
n
da
y
Non-Domestic 
Maximum Demand 
20-30% Load 
Factor
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 24.00
8 24.00
9 24.00
10 24.00
11 24.00
12 24.00
13 24.00
14 24.00
15 24.00
16 24.00
17 24.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
30-40% Load 
Factor 
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 28.50
8 28.50
9 28.50
10 28.50
11 28.50
12 28.50
13 28.50
14 28.50
15 28.50
16 28.50
17 28.50
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
>40% Load Factor
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Hour Power
1 0.06
2 0.06
3 0.06
4 0.06
5 0.06
6 0.44
7 0.44
8 0.44
9 0.17
10 0.17
11 0.17
12 0.17
13 0.17
14 0.17
15 0.17
16 0.17
17 0.55
18 0.55
19 0.55
20 0.55
21 0.55
22 0.06
23 0.06
24 0.06
1 0.06
2 0.06
3 0.06
4 0.06
5 0.06
6 0.06
7 0.06
8 0.11
9 0.17
10 0.17
11 0.17
12 0.17
13 0.17
14 0.17
15 0.17
16 0.17
17 0.17
18 0.55
19 0.55
20 0.55
21 0.55
22 0.55
23 0.11
24 0.11
1 0.06
2 0.06
3 0.06
4 0.06
5 0.06
6 0.06
7 0.06
8 0.11
9 0.17
10 0.17
11 0.17
12 0.17
13 0.17
14 0.17
15 0.17
16 0.17
17 0.17
18 0.55
19 0.55
20 0.55
21 0.17
22 0.06
23 0.06
24 0.06
Sp
rin
g 
Su
n
da
y
Domestic
Sp
rin
g 
W
ee
kd
ay
s
Sp
rin
g 
Sa
tu
rd
ay
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 1.50
8 1.50
9 1.50
10 1.50
11 1.50
12 1.50
13 1.50
14 1.50
15 1.50
16 1.50
17 1.50
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 1.50
8 1.50
9 1.50
10 1.50
11 1.50
12 1.50
13 1.50
14 1.50
15 1.50
16 1.50
17 1.50
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Unrestricted
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 2.25
8 2.25
9 2.25
10 2.25
11 2.25
12 2.25
13 2.25
14 2.25
15 2.25
16 2.25
17 2.25
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Economy 7
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 8.25
8 8.25
9 8.25
10 8.25
11 8.25
12 8.25
13 8.25
14 8.25
15 8.25
16 8.25
17 8.25
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 8.25
8 8.25
9 8.25
10 8.25
11 8.25
12 8.25
13 8.25
14 8.25
15 8.25
16 8.25
17 8.25
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 8.25
8 8.25
9 8.25
10 8.25
11 8.25
12 8.25
13 8.25
14 8.25
15 8.25
16 8.25
17 8.25
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 0-
20% Load Factor
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Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 10.50
8 10.50
9 10.50
10 10.50
11 10.50
12 10.50
13 10.50
14 10.50
15 10.50
16 10.50
17 10.50
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Sp
rin
g 
W
ee
kd
ay
s
Sp
rin
g 
Sa
tu
rd
ay
Sp
rin
g 
Su
n
da
y
Non-Domestic 
Maximum Demand 
20-30% Load 
Factor
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 12.00
8 12.00
9 12.00
10 12.00
11 12.00
12 12.00
13 12.00
14 12.00
15 12.00
16 12.00
17 12.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
30-40% Load 
Factor 
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 19.95
8 19.95
9 19.95
10 19.95
11 19.95
12 19.95
13 19.95
14 19.95
15 19.95
16 19.95
17 19.95
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
>40% Load Factor
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Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.26
7 0.26
8 0.26
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.44
18 0.44
19 0.44
20 0.44
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.11
9 0.17
10 0.17
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.55
20 0.55
21 0.55
22 0.55
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.11
9 0.17
10 0.17
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.55
19 0.55
20 0.55
21 0.00
22 0.00
23 0.00
24 0.00
Su
m
m
er
 
Su
n
da
y
Domestic
Su
m
m
er
 
W
ee
kd
ay
Su
m
m
er
 
Sa
tu
rd
ay
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Unrestricted
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Economy 7
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 0-
20% Load Factor
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Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 4.20
8 4.20
9 4.20
10 4.20
11 4.20
12 4.20
13 4.20
14 4.20
15 4.20
16 4.20
17 4.20
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Su
m
m
er
 
W
ee
kd
ay
Su
m
m
er
 
Sa
tu
rd
ay
Su
m
m
er
 
Su
n
da
y
Non-Domestic 
Maximum Demand 
20-30% Load 
Factor
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 7.20
8 7.20
9 7.20
10 7.20
11 7.20
12 7.20
13 7.20
14 7.20
15 7.20
16 7.20
17 7.20
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
30-40% Load 
Factor 
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 14.25
8 14.25
9 14.25
10 14.25
11 14.25
12 14.25
13 14.25
14 14.25
15 14.25
16 14.25
17 14.25
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.00
11 0.00
12 0.00
13 0.00
14 0.00
15 0.00
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
>40% Load Factor
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Hourly Generation for Different Types of PV Generators (kW) 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.10
11 0.18
12 0.21
13 0.21
14 0.18
15 0.10
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.10
11 0.18
12 0.21
13 0.21
14 0.18
15 0.10
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.10
11 0.18
12 0.21
13 0.21
14 0.18
15 0.10
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
W
in
te
r 
W
ee
kd
ay
s
W
in
te
r 
Sa
tu
rd
ay
W
in
te
r 
Su
n
da
y
PV profile for 
domestic
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.30
11 0.54
12 0.63
13 0.63
14 0.54
15 0.30
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.30
11 0.54
12 0.63
13 0.63
14 0.54
15 0.30
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.30
11 0.54
12 0.63
13 0.63
14 0.54
15 0.30
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Unrestricted
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.42
11 0.76
12 0.88
13 0.88
14 0.76
15 0.42
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.42
11 0.76
12 0.88
13 0.88
14 0.76
15 0.42
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 0.42
11 0.76
12 0.88
13 0.88
14 0.76
15 0.42
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Economy 7
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 1.50
11 2.70
12 3.15
13 3.15
14 2.70
15 1.50
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 1.50
11 2.70
12 3.15
13 3.15
14 2.70
15 1.50
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 1.50
11 2.70
12 3.15
13 3.15
14 2.70
15 1.50
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 0-
20% Load Factor
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Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 1.80
11 3.24
12 3.78
13 3.78
14 3.24
15 1.80
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 1.80
11 3.24
12 3.78
13 3.78
14 3.24
15 1.80
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 1.80
11 3.24
12 3.78
13 3.78
14 3.24
15 1.80
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
W
in
te
r 
W
ee
kd
ay
s
W
in
te
r 
Sa
tu
rd
ay
W
in
te
r 
Su
n
da
y
Non-Domestic 
Maximum Demand 
20-30% Load 
Factor
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 2.10
11 3.78
12 4.41
13 4.41
14 3.78
15 2.10
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 2.10
11 3.78
12 4.41
13 4.41
14 3.78
15 2.10
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 2.10
11 3.78
12 4.41
13 4.41
14 3.78
15 2.10
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
30-40% Load 
Factor 
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 2.40
11 4.32
12 5.04
13 5.04
14 4.32
15 2.40
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 2.40
11 4.32
12 5.04
13 5.04
14 4.32
15 2.40
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00
10 2.40
11 4.32
12 5.04
13 5.04
14 4.32
15 2.40
16 0.00
17 0.00
18 0.00
19 0.00
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
>40% Load Factor
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Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.01
7 0.05
8 0.17
9 0.40
10 0.60
11 0.68
12 0.70
13 0.70
14 0.68
15 0.60
16 0.40
17 0.17
18 0.05
19 0.01
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.01
7 0.05
8 0.17
9 0.40
10 0.60
11 0.68
12 0.70
13 0.70
14 0.68
15 0.60
16 0.40
17 0.17
18 0.05
19 0.01
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.01
7 0.05
8 0.17
9 0.40
10 0.60
11 0.68
12 0.70
13 0.70
14 0.68
15 0.60
16 0.40
17 0.17
18 0.05
19 0.01
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Sp
rin
g 
Sa
tu
rd
ay
Sp
rin
g 
Su
n
da
y
Sp
rin
g 
W
ee
kd
ay
s
PV profile for 
domestic
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.03
7 0.15
8 0.51
9 1.20
10 1.80
11 2.04
12 2.10
13 2.10
14 2.04
15 1.80
16 1.20
17 0.51
18 0.15
19 0.03
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.01
7 0.05
8 0.17
9 0.40
10 0.60
11 0.68
12 0.70
13 0.70
14 0.68
15 0.60
16 0.40
17 0.17
18 0.05
19 0.01
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.01
7 0.05
8 0.17
9 0.40
10 0.60
11 0.68
12 0.70
13 0.70
14 0.68
15 0.60
16 0.40
17 0.17
18 0.05
19 0.01
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Unrestricted
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.04
7 0.21
8 0.71
9 1.68
10 2.52
11 2.86
12 2.94
13 2.94
14 2.86
15 2.52
16 1.68
17 0.71
18 0.21
19 0.04
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.01
7 0.07
8 0.24
9 0.56
10 0.84
11 0.95
12 0.98
13 0.98
14 0.95
15 0.84
16 0.56
17 0.24
18 0.07
19 0.01
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.01
7 0.07
8 0.24
9 0.56
10 0.84
11 0.95
12 0.98
13 0.98
14 0.95
15 0.84
16 0.56
17 0.24
18 0.07
19 0.01
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Economy 7
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.15
7 0.75
8 2.55
9 6.00
10 9.00
11 10.20
12 10.50
13 10.50
14 10.20
15 9.00
16 6.00
17 2.55
18 0.75
19 0.15
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.05
7 0.25
8 0.85
9 2.00
10 3.00
11 3.40
12 3.50
13 3.50
14 3.40
15 3.00
16 2.00
17 0.85
18 0.25
19 0.05
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.05
7 0.25
8 0.85
9 2.00
10 3.00
11 3.40
12 3.50
13 3.50
14 3.40
15 3.00
16 2.00
17 0.85
18 0.25
19 0.05
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 0-
20% Load Factor
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Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.18
7 0.90
8 3.06
9 7.20
10 10.80
11 12.24
12 12.60
13 12.60
14 12.24
15 10.80
16 7.20
17 3.06
18 0.90
19 0.18
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.06
7 0.30
8 1.02
9 2.40
10 3.60
11 4.08
12 4.20
13 4.20
14 4.08
15 3.60
16 2.40
17 1.02
18 0.30
19 0.06
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.06
7 0.30
8 1.02
9 2.40
10 3.60
11 4.08
12 4.20
13 4.20
14 4.08
15 3.60
16 2.40
17 1.02
18 0.30
19 0.06
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Sp
rin
g 
W
ee
kd
ay
s
Sp
rin
g 
Sa
tu
rd
ay
Sp
rin
g 
Su
n
da
y
Non-Domestic 
Maximum Demand 
20-30% Load 
Factor
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.21
7 1.05
8 3.57
9 8.40
10 12.60
11 14.28
12 14.70
13 14.70
14 14.28
15 12.60
16 8.40
17 3.57
18 1.05
19 0.21
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.07
7 0.35
8 1.19
9 2.80
10 4.20
11 4.76
12 4.90
13 4.90
14 4.76
15 4.20
16 2.80
17 1.19
18 0.35
19 0.07
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.07
7 0.35
8 1.19
9 2.80
10 4.20
11 4.76
12 4.90
13 4.90
14 4.76
15 4.20
16 2.80
17 1.19
18 0.35
19 0.07
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
30-40% Load 
Factor 
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.24
7 1.20
8 4.08
9 9.60
10 14.40
11 16.32
12 16.80
13 16.80
14 16.32
15 14.40
16 9.60
17 4.08
18 1.20
19 0.24
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.08
7 0.40
8 1.36
9 3.20
10 4.80
11 5.44
12 5.60
13 5.60
14 5.44
15 4.80
16 3.20
17 1.36
18 0.40
19 0.08
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.08
7 0.40
8 1.36
9 3.20
10 4.80
11 5.44
12 5.60
13 5.60
14 5.44
15 4.80
16 3.20
17 1.36
18 0.40
19 0.08
20 0.00
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
>40% Load Factor
 
 288 
 
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.10
6 0.20
7 0.40
8 0.62
9 0.78
10 0.90
11 0.98
12 1.00
13 1.00
14 0.98
15 0.90
16 0.78
17 0.62
18 0.40
19 0.20
20 0.10
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.10
6 0.20
7 0.40
8 0.62
9 0.78
10 0.90
11 0.98
12 1.00
13 1.00
14 0.98
15 0.90
16 0.78
17 0.62
18 0.40
19 0.20
20 0.10
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.10
6 0.20
7 0.40
8 0.62
9 0.78
10 0.90
11 0.98
12 1.00
13 1.00
14 0.98
15 0.90
16 0.78
17 0.62
18 0.40
19 0.20
20 0.10
21 0.00
22 0.00
23 0.00
24 0.00
Su
m
m
e
r 
W
ee
kd
ay
Su
m
m
er
 
Sa
tu
rd
a
y
Su
m
m
er
 
Su
n
da
y
PV profile for 
domestic
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.30
6 0.60
7 1.20
8 1.86
9 2.34
10 2.70
11 2.94
12 3.00
13 3.00
14 2.94
15 2.70
16 2.34
17 1.86
18 1.20
19 0.60
20 0.30
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.30
6 0.60
7 1.20
8 1.86
9 2.34
10 2.70
11 2.94
12 3.00
13 3.00
14 2.94
15 2.70
16 2.34
17 1.86
18 1.20
19 0.60
20 0.30
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.30
6 0.60
7 1.20
8 1.86
9 2.34
10 2.70
11 2.94
12 3.00
13 3.00
14 2.94
15 2.70
16 2.34
17 1.86
18 1.20
19 0.60
20 0.30
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Unrestricted
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 0.42
6 0.84
7 1.68
8 2.60
9 3.28
10 3.78
11 4.12
12 4.20
13 4.20
14 4.12
15 3.78
16 3.28
17 2.60
18 1.68
19 0.84
20 0.42
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.42
6 0.84
7 1.68
8 2.60
9 3.28
10 3.78
11 4.12
12 4.20
13 4.20
14 4.12
15 3.78
16 3.28
17 2.60
18 1.68
19 0.84
20 0.42
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 0.42
6 0.84
7 1.68
8 2.60
9 3.28
10 3.78
11 4.12
12 4.20
13 4.20
14 4.12
15 3.78
16 3.28
17 2.60
18 1.68
19 0.84
20 0.42
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Economy 7
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 1.50
6 3.00
7 6.00
8 9.30
9 11.70
10 13.50
11 14.70
12 15.00
13 15.00
14 14.70
15 13.50
16 11.70
17 9.30
18 6.00
19 3.00
20 1.50
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 1.50
6 3.00
7 6.00
8 9.30
9 11.70
10 13.50
11 14.70
12 15.00
13 15.00
14 14.70
15 13.50
16 11.70
17 9.30
18 6.00
19 3.00
20 1.50
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 1.50
6 3.00
7 6.00
8 9.30
9 11.70
10 13.50
11 14.70
12 15.00
13 15.00
14 14.70
15 13.50
16 11.70
17 9.30
18 6.00
19 3.00
20 1.50
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 0-
20% Load Factor
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Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 1.80
6 3.60
7 7.20
8 11.16
9 14.04
10 16.20
11 17.64
12 18.00
13 18.00
14 17.64
15 16.20
16 14.04
17 11.16
18 7.20
19 3.60
20 1.80
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 1.80
6 3.60
7 7.20
8 11.16
9 14.04
10 16.20
11 17.64
12 18.00
13 18.00
14 17.64
15 16.20
16 14.04
17 11.16
18 7.20
19 3.60
20 1.80
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 1.80
6 3.60
7 7.20
8 11.16
9 14.04
10 16.20
11 17.64
12 18.00
13 18.00
14 17.64
15 16.20
16 14.04
17 11.16
18 7.20
19 3.60
20 1.80
21 0.00
22 0.00
23 0.00
24 0.00
Su
m
m
er
 
W
ee
kd
ay
Su
m
m
er
 
Sa
tu
rd
ay
Su
m
m
er
 
Su
n
da
y
Non-Domestic 
Maximum Demand 
20-30% Load 
Factor
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 2.10
6 4.20
7 8.40
8 13.02
9 16.38
10 18.90
11 20.58
12 21.00
13 21.00
14 20.58
15 18.90
16 16.38
17 13.02
18 8.40
19 4.20
20 2.10
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 2.10
6 4.20
7 8.40
8 13.02
9 16.38
10 18.90
11 20.58
12 21.00
13 21.00
14 20.58
15 18.90
16 16.38
17 13.02
18 8.40
19 4.20
20 2.10
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 2.10
6 4.20
7 8.40
8 13.02
9 16.38
10 18.90
11 20.58
12 21.00
13 21.00
14 20.58
15 18.90
16 16.38
17 13.02
18 8.40
19 4.20
20 2.10
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
30-40% Load 
Factor 
 
Hour Power
1 0.00
2 0.00
3 0.00
4 0.00
5 2.40
6 4.80
7 9.60
8 14.88
9 18.72
10 21.60
11 23.52
12 24.00
13 24.00
14 23.52
15 21.60
16 18.72
17 14.88
18 9.60
19 4.80
20 2.40
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 2.40
6 4.80
7 9.60
8 14.88
9 18.72
10 21.60
11 23.52
12 24.00
13 24.00
14 23.52
15 21.60
16 18.72
17 14.88
18 9.60
19 4.80
20 2.40
21 0.00
22 0.00
23 0.00
24 0.00
1 0.00
2 0.00
3 0.00
4 0.00
5 2.40
6 4.80
7 9.60
8 14.88
9 18.72
10 21.60
11 23.52
12 24.00
13 24.00
14 23.52
15 21.60
16 18.72
17 14.88
18 9.60
19 4.80
20 2.40
21 0.00
22 0.00
23 0.00
24 0.00
Non-Domestic 
Maximum Demand 
>40% Load Factor
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Case study 1: 
Load: 
 
 
In this case the load is balanced, i.e., equally distributed by the three-phases 
a, b and c. 
 
    Results: 
Bus Phase Voltage (kV)
a
b
c
a
b
c
a
b
c
a
b
c
Bus Sections
12,4700
12,3428
3,9137
3,4678
1
2
3
4
 
Bus i Bus j Phase Current (A) Angle (deg.)
a 333,03 -34,75
b 333,25 -154,75
c 333,09 85,30
a 999,02 -64,75
b 998.56 175,30
c 998,38 55,25
1
3
2
4
Branch Section
 
 
Total Active Losses = 0,0154 MW 
Total Reactive Losses = 0,0446 MVAr 
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Case study 2: 
  Load: 
 
 
In this case the load is unbalanced. The load in the phase a is 71% of the 
load in the previous case. The load level in phase b is maintained and in phase c the 
load is 132% of the load in the balanced case. 
Unbalanced rate:
=
−
−
sequencepositive
sequencenegative
V
V
0,56
 
  Results: 
Bus Phase Voltage (kV)
a
b
c
a 12,3428
b 12,3303
c 12,3278
a 3,9254
b 3,9616
c 3,8522
a 3,7827
b 3,3463
c 3,2964
3
4
Bus Sections
12,47001
2
 
Bus i Bus j Phase Current (A) Angle (deg.)
a 285,45 -28,27
b 391,17 -149,64
c 343,86 75,50
a 686,92 -66,54
b 1035,10 176,08
c 1314,30 56,76
1
3
2
4
Branch Section
 
Total Active Losses = 0,0172 MW 
Total Reactive Losses = 0,0498 MVAr 
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Case study 3: 
  Load: 
 
 
In this case the unbalance rate has increased. The load in the phase a is 71% 
of the load in the balanced case. The load level in phase b is 80% and in phase c the 
load is 149% of the load in the balanced case. 
Unbalanced rate:
=
−
−
sequencepositive
sequencenegative
V
V
0,59
 
Results: 
Bus Phase Voltage (kV)
a
b
c
a 12,3777
b 12,3291
c 12,2992
a 3,8829
b 3,9961
c 3,8118
a 3,8725
b 3,4994
c 2,9661
3
4
Bus Sections
12,47001
2
 
Bus i Bus j Phase Current (A) Angle (deg.)
a 248,40 -32,60
b 420,00 -145,10
c 397,78 70,13
a 670,64 -67,63
b 833,40 174,84
c 1633,10 54,09
1
3
2
4
Branch Section
 
Total Active Losses = 0,0207 MW 
Total Reactive Losses = 0,0597 MVAr 
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Case study 4: 
  Load: 
 
 
In this case the unbalance rate has increased even more. The load in the 
phase a is 30% of the load in the balanced case. The load level in phase b is 
maintained and in phase c the load is 170% of the load in the balanced case. 
Unbalanced rate:
=
−
−
sequencepositive
sequencenegative
V
V
0,74
 
Results: 
Bus Phase Voltage (kV)
a
b
c
a 12,4039
b 12,2767
c 12,2680
a 3,8967
b 4,0098
c 3,6558
a 4,1866
b 3,3164
c 2,5859
3
4
Bus Sections
12,47001
2
 
Bus i Bus j Phase Current (A) Angle (deg.)
a 222.26 -18.21
b 558.72 -147.52
c 451.91 54.84
a 343.92 -81.41
b 1044.00 178.86
c 2112.80 48.38
1
3
2
4
Branch Section
 
Total Active Losses = 0,0316 MW 
Total Reactive Losses = 0,0914 MVAr 
 
